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Abstract
Rice is the staple food for more than half the world’s population, with nearly 500 million
metric tons of rice consumed globally every year. Any risk of loss due to disease, waste, or
spoilage is therefore noteworthy. This dissertation explores the passage of rice from paddy to
pantry to plate, with special attention given to disease and storage life. The most important
disease of rice is blast, caused by the ascomycete Magnaporthe oryzae, which can cause losses
of ~30% every year. This study found that saponin-enriched root extracts of Medicago
truncatula effectively kill fungal spores in vitro and reduce moderate disease in planta. After
harvest and processing, milled white rice has a very long shelf life whereas brown rice may
become rancid in less than a year due to the high proportion of lipids in its bran layer. This
research produced moderate improvements in brown rice shelf life by using CRISPR gene
editing to modify a lipase and lipoxygenase gene expressed in the bran layer. Finally, text
analysis was used to qualitatively and quantitatively explore global rice cuisine as compiled in a
crowd-sourced format on Wikipedia, revealing commonalities among countries and regions as
well as significant gaps in the data. The multidisciplinary research reported here advances the
goals of improved rice blast disease control and brown rice quality, and describes cultural
preferences of this staple crop in statistical detail, with the ultimate aim of supporting
sustainable, affordable access to rice worldwide.
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1. Introduction and literature review
Rice is globally irreplaceable. It is a major calorie source for two-thirds of the world’s
population, and fuels one-fifth of our combined human metabolism by comprising 19 percent of
overall calorie intake globally (GRiSP, 2013). Rice therefore occupies many habitats. These
habitats may be literal ecological spaces where the living plant resides, such as within the
flooded paddies where it grows and struggles against biotic and abiotic stressors; commercial
and domestic spaces such as grocery store shelves and kitchen pantries where its harvested and
processed form lays in wait for preparation, and where it may stale before it can be enjoyed; or
the culinary and cultural spaces represented by the plates of billions of people across the world
where the ubiquity of rice has birthed incredible culinary diversity.
Each of the following three chapters of this dissertation visit a rice habitat, from paddy to
pantry to plate. The first (Chapter 2) introduces a foe of the living rice plant, the “cereal killer”
fungus Magnaporthe oryzae, causal agent of the often-devastating rice blast disease. It also
introduces a potential friend: Medicago truncatula, a legume that can protect rice from blast
disease with its soapy specialized metabolites called saponins. The second (Chapter 3) discusses
the internal threat presented to brown rice by its own lipid hydrolyzing and oxidizing enzymes
and employs a revolutionary biotechnology, CRISPR gene editing, to improve brown rice shelf
life. The final chapter (Chapter 4) leads a tour of world rice cuisine through a word mining
statistical platform applied to a crowd-sourced list of rice dish descriptions. The rice journey
charted in this dissertation begins here, with essential historical and economic context.

1

History and importance of rice (Oryza sativa)
Evolutionary and global agricultural background
From a botanical perspective, “rice” is grain from either of two species in plant genus
Oryza: O. sativa (Asian rice), domesticated from O. rufipogon; and O. glaberrima (African rice),
domesticated from O. barthii (Vaughan et al., 2008). Within O. sativa are two main subspecies:
japonica and indica. Japonica cultivars dominate temperate environments, while indica varieties
occupy tropical and subtropical climates. Various so-called “wild rice” species of non-Oryza
origin, including Zizania palustris and aquatica, are not considered true rice. As with other
grains, a primary evidentiary fact of rice domestication is selection of the non-shattering trait,
observed in archeological samples of O. sativa dated to 9,000 BCE in the Yangtze river valley in
China (Fuller and Allaby, 2009; Vaughan et al., 2008; Zheng et al., 2016). Shattering of mature
rice grain promotes dispersion of seed for reproduction but precludes gathering by humans for
reappropriation as food.
The African rice species O. glaberrima underwent its own domestication event in the
Niger River Delta 3000 years ago (1000 BCE), and the rice culture of West Africa was founded
on cultivation of O. glaberrima, even though O. sativa has since replaced it as the dominant
species grown since it was introduced to the continent (Linares, 2002; Manful and GrahamAcquaah, 2015). Genetic evidence suggests O. sativa was likely introduced to both East and
West Africa on separate (and likely multiple) occasions, rather than having migrated from East
to West as often posited (Gilbert, 2015). O. glaberrima is valued for its biotic and abiotic stress
tolerance, and hybridization of O. glaberrima with O. sativa has been undertaken to combine the
best traits of each species (Manful and Graham-Acquaah, 2015).
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Rice today is grown on every continent except Antarctica and in over 110 countries,
spanning the globe between 50°N and 40°S (Aselmann and Crutzen, 1989; Maclean et al., 2002;
Patindol et al., 2015). Over thousands of years of selective breeding, rice agriculture was adapted
to many climates, spreading slowly from its center of origin. Although rice was established in
northern India, central and southern China, and most of southeast Asia in general by 2000 BCE,
it had not permeated the Middle East or Japan until 300 BCE to 200 CE, was not imported into
northern Europe until the 13th century CE, and did not reach the shores of the American colonies
until the 17th century CE. (Dethloff, 1988a; Owen, 1999).
Rice in the Southern United States
Per capita annual consumption of rice in the U.S. was 9.1 kg (20.1 lbs) as of 2008, having
tripled since 1970, and further increased to 12.3 kg (27.1 lbs) on average between 2012-2014
(Batres-Marquez et al., 2009; OECD/FAO, 2015). In contrast, China ranks number one in overall
rice production and consumption; as of 2014, average annual per capita consumption in China
was 76.4 kg (168 lbs). The country with the highest per capita consumption of rice as of 2014
was Vietnam at 191.1 kg (421 lbs) per year, according to the Food and Agriculture Organization
(FAO) (OECD/FAO, 2015). Though it doesn’t feature in American diets as frequently or in as
large amounts as corn and soybean products, the relatively lesser dietary importance of rice does
not translate to insignificance in the history of United States agriculture. Culinary and cultural
historian Michael Twitty, whose sixth great-grandmother was enslaved on a Carolina rice
plantation, emphasizes this significance by comparing rice to cotton, saying, “[i]f cotton was the
king of the antebellum South, rice was her queen for the three centuries of her engagement with
slavery” (Twitty, 2017a). Slavery was the economic engine of the American colonies and early
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United States, and rice rivaled tobacco as one of the first and foremost commercial crops of the
pre-Revolutionary War colonies (Dethloff, 1988b).
The first commercial rice industry in the colonies and U.S. was in the Atlantic Coast
states of the South Carolina, North Carolina, and Georgia (Dethloff, 1988c). Production in those
three states peaked at approximately 200 million pounds annually—Arkansas alone produced 9.4
billion pounds in 2019 (Coclanis, 1993). Carolina Gold rice was a cash crop especially popular
as an export to Northern Europe. Enslaved black people, primarily from West African countries
with an established rice culture, worked the lucrative and deadly swampland paddies along the
coast for 200 years (Carney, 2001; Hawthorne, 2015; Twitty, 2017a). It has been popular to
attribute the decline of the Atlantic Coast rice industry to the Civil War and abolition of slavery
for obvious reasons, but the decades beforehand portended a multi-faceted end to the industry
beyond emancipation (Dethloff, 1988d). Declining market share due to competition from Asian
producers importing rice to Europe, increasingly negative returns on investment as compared to
cotton, and failure to modernize production in the difficult swampy terrain all contributed to the
demise of the Atlantic Coast rice industry (Coclanis and Komlos, 1987; Coclanis, 2015).
By the 20th century the Atlantic Coast industry had vanished, yielding to what would
become the modern rice industry founded by white Midwesterners who were drawn by explicit
marketing tactics to migrate south and buy the abundant, inexpensive land for development.
“Rice Missionary” Sylvester Cary and promoters from Jabez Watkins’ North American Land and
Timber Company, Seaman Knapp especially, enticed Midwesterners to Louisiana with promises
of opportunity and the potential of untilled soil (Bailey, 1945; Coclanis, 2015; Dethloff, 1988e).
These migrants quickly found their standard crops of corn and wheat were too difficult to grow
in their new environment. However, they took note of and inspiration from small rice production
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along the Mississippi River, originated by the enslaved people with prior rice knowledge
imported into the wetlands of southern Louisiana via the French slave trade (Twitty, 2017b).
In the 1880s migrant white midwestern farmers adapted wheat farming methodology and
equipment to rice farming, accomplishing what historian Peter A. Coclanis called an
“agricultural transubstantiation”1 of rice into wheat (Coclanis, 2015). The tools adapted from
wheat for rice included gang plows, disc harrows, drills, broadcast seeders, threshers, and twine
binders. The other essential modification of the old risiculture of the Carolinas and Georgia
concerned irrigation technology. With the development of wind, steam, and gas-powered
irrigation equipment in the 1890s, rice fields weren’t limited to small paddies that could be
effectively flooded by re-directing river and bayou waters. The immense aquifers underneath the
grand prairie and the hardpan soils above provided an ideal landscape for creating huge flat
fields of flooded rice.
The combined forces of mechanization and irrigation created a high-capital, low-labor
system in which the modern rice industry could grow. With companies funding expensive
equipment, it was possible to grow vast acreages of rice with very little, but very well-paid labor.
This new rice industry was virtually the labor-intensive, slavery-dependent Atlantic Coast
industry’s polar opposite. By 1900-1910, one laborer in the U.S. could work 80 acres of rice; in
Egypt and Spain, the average acreage worked by one laborer was 5 (Coclanis, 2015). Altogether
these adaptations and improvements allowed the rice industry to grow and eventually flourish,
overcoming early obstacles of low yields and low prices.

1

This is, in my opinion, an amusing choice of words considering that Roman Catholic Church law states
communion wafers made from rice or other gluten-free flours “are invalid matter for the celebration of the
Eucharist.” Only wheat hosts can be transubstantiated (Neusner, 2001).
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Rice comes to Arkansas
The Texas rice industry developed as an extension of Louisiana’s Gulf Coast production
systems. Rice production expanded into the Mississippi Delta region through Louisiana into
Arkansas, primarily through the work of other midwestern transplants: William H. Fuller, his
brother-in-law John Morris, and John’s wife Emma (Laws, 2018). Fuller and the Morrises
relocated to Arkansas from their homes in Ohio and Nebraska in 1896 and 1894, respectively.
The Morrises established a dairy farm in Carlisle. Fuller, less certain of his farming future, took
note of the rice production in Louisiana on a hunting trip in 1896, and returned to Arkansas
confident he could produce a good rice crop on the Grand Prairie in Carlisle (Rosencrantz,
1946). After a major irrigation failure in 1897, Fuller moved to Louisiana to gain rice-farming
experience before trying again in Arkansas.
During his four years in Louisiana, Fuller corresponded with and passed on his growing
rice knowledge to his brother-in-law Morris, who had started dabbling in rice production in 1901
(Brown and Morris, 1970; Dethloff, 1988f). Morris overcame Fuller’s irrigation issues and
intended to begin rice production on a larger scale. However, Morris died of a heart attack in a
rice field in Louisiana while on research trip with Fuller, and in 1903 Fuller and Emma Morris,
John’s widow, planted the first commercial crop of rice in Lonoke County, AR (Brown and
Morris, 1970; Dethloff, 1988f). The Morrises still produce rice on their farm, the oldest rice farm
in the state (Boyd, 2019).
After Fuller’s and Emma Morris’ successes, rice farming increased in earnest in the state.
Just as midwestern farmers were drawn to Louisiana by advertising, so too were farmers from
Iowa, Illinois, Indiana, Ohio, and Missouri drawn to the Arkansas Grand Prairie by promotional
campaigns and real estate agents (Dethloff, 1988f; Gay, 1998; Spicer, 1964). Fuller harvested a
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good crop from 70 acres in 1904. Fifteen years later 150,000 acres in the state were planted in
rice (Gay, 1998). In 2019, 1,126,000 acres of rice were harvested in Arkansas (University of
Arkansas Division of Agriculture, 2020). Today Arkansas consistently produces 40-50% of the
U.S. rice crop every year. Rice is economically critical to the Arkansas agricultural sector. It is
the third most valuable agricultural commodity in the state after poultry and soybeans, with $1
billion in farm sales in 2017 (University of Arkansas Division of Agriculture, 2020; USDA ERS,
2020). In order of production output, the six rice-producing states in the U.S. are Arkansas,
California, Louisiana, Missouri, Texas, and Mississippi.
Rice blast disease and plant saponins
Rice blast disease (Magnaporthe oryzae)
Significance
According to FAO estimates, 20-40% of all global crop production is lost due to pests.
Losses in rice alone are estimated to be between 25-41% (Savary et al., 2019). A significant
proportion of this loss can be assumed to derive from rice blast disease, caused by the
ascomycete Magnaporthe oryzae. Globally, rice blast disease claims 30% of global production
(Talbot, 2003). The fungus can infect rice or wheat2 at all stages, but is especially destructive as
“neck blast,” when infection at the node of a stem supporting the panicle prevents grain filling or
causes the entire panicle to droop and rot on the plant, leading to 100% losses (Te Beest, 2007).
In the United States, elimination of rice blast disease whether through chemical control or
resistant cultivars would increase producer sales by nearly $70 million annually (Nalley et al.,
2016).

2

A pathotype of M. oryzae has emerged as a devastating disease of wheat in South America (Cruz and Valent,
2017)
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Infection strategy and disease cycle of M. oryzae
The infectious stage of M. oryzae is the conidium, a three-celled oblong spore with a
pointed tip (Wilson and Talbot, 2009). When a spore lands on the rice plant, whether carried by
wind or by water splashing it onto the plant, it affixes itself with a mucilage. Within 24 hours the
spore germinates and forms an appressorium, a specialized structure with a melanin-enriched cell
wall that takes in the contents of the spore as it undergoes autophagy, and accumulates a high
concentration of glycerol. A very high humidity level is required for infection to produce the
necessary osmotic gradient for proper appressorium development (Martin-Urdiroz et al., 2016).
Turgor pressure builds as water from the humid environment is drawn across the osmotic
gradient into the solute-rich appressorium. This pressure can reach 8.0 MPa and ultimately
powers a penetration peg that forms against rice cuticle to punch through into the cell (Talbot,
2003).
After this violent entry, the fungus enters a quiet biotrophic phase wherein it forms
intracellular invasive hyphae that spread within and between cells, secreting effectors into the
rice cell via an extra-invasive fungal matrix (Oliveira-Garcia and Valent, 2015; Yi and Valent,
2013). Effector proteins accumulate at bulbous growth sites on the invasive hyphae called the
biotrophic interfacial complex (Khang et al., 2010). These effectors bind and deactivate plant
defense receptors, enabling the further spread of the fungus. Avirulence (AVR) effectors are
those which the plant evolved to recognize and bind with corresponding resistance (R) genes to
prevent further infection (Giraldo and Valent, 2013). These R genes form the basis for breeding
blast-resistant rice (Cesari et al., 2013; Okuyama et al., 2011). Invasive hyphae travel between
cells via the plasmodesmata, often preceded by effectors that prepare subsequent rice cells for
infection (Khang et al., 2010).
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After establishing itself as a biotroph within rice cells, the fungus enters a necrotrophic
phase in order to reproduce by forming characteristic yellow or brown lesions with dark gray
centers containing conidiophores, asexual structures bearing the infectious conidia, which erupt
either through stomata on the leaf surface or via stomata (Howard and Valent, 1996). M. oryzae
primarily reproduces asexually through these conidia, which can be carried by wind to other
hosts or overwinter on debris or seed to infect the next crop (Wilson and Talbot, 2009). Sexual
reproduction can be forced in vitro, but is infrequent in nature; many consecutive generations of
asexual reproduction have been shown to produce sexual infertility (Saleh et al., 2012; Zeigler,
1998). Ascospores, the sexual spores of the ascomycetes, are borne by perithecia, the fungus’
fruiting bodies (Wilson et al., 2019). Perithecia can only be formed from two strains of M. oryzae
when 1) both mating types (Mat1.1 and Mat 1.2) are present and 2) one of the strains is femalefertile (Saleh et al., 2012).
Control of rice blast disease
For disease to develop, three conditions must be met: a susceptible plant, a virulent
pathogen, and a favorable environment (Wamishe et al., 2018). Rice blast is variously controlled
by tolerant or resistant rice varieties, biological or chemical control of virulent pathogens, and
altering the growing environment to disfavor the fungus’ survival. Effective integrated pest
management practices incorporate multiple disease prevention and control methods, but
chemical fungicides are the most common tools used to control rice blast (Skamnioti and Gurr,
2009).
Susceptibility to disease exists on a spectrum, and all plants possess some level of innate,
nonspecific immunity to pathogens (Spoel and Dong, 2012). Breeding for specific genetic
resistance to pathogens such as through identification and integration of new plant R genes
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corresponding to pathogen AVR effectors is often described as an “evolutionary arms-race,” as
breeders try to stay ahead of the pathogen’s often-rapid overcoming of R genes (Okuyama et al.,
2011). Furthermore, most blast-resistant cultivars available in the U.S. are hybrid lines; seed
costs often keep farmers from growing these more resistant varieties (Nalley et al., 2016).
Environmental factors that favor rice blast disease development include temperature,
humidity, fertilization levels, and irrigation levels. Producers can only control the environment at
a very coarse level. In Arkansas, early planting dates, avoiding over-fertilization, and
maintaining a flood level in the field at or above four inches—a condition made easier by
growing rice on hardpan rather than sandy soils, are all recommended to promote a less blastprone environment (Wamishe et al., 2018). Application of silica as fertilizer has been shown to
reduce blast disease, as higher silica content in the plant reduces damage from M. oryzae
infection (Pooja and Katoch, 2014).
Fungicides reduce rice blast through various modes of action. Azole fungicides in general
reduce ergosterol content in fungal cells (Price et al., 2015). Specific azoles utilized in rice
production include tricyclazole, which prevents appressorium formation by inhibiting melanin
biosynthesis; probenazole, which activates plant defenses; and the most commonly used
fungicide in the U.S., propiconazole, which inhibits sterol biosynthesis in the fungal membrane.
(Iwai et al., 2007; Skamnioti and Gurr, 2009; Talbot, 2003). Quinone outside Inhibitors (QoI), a
class of fungicide that include the strobilurins, inhibit mitochondrial respiration; azoxystrobin is
a QoI inhibitor used in rice blast control (Kunova et al., 2013). Fungicide use pressures
pathogens to evolve resistance, and contributes to the overall environmental impact of rice
agriculture. Biopesticides are becoming more in demand as consumers desire more sustainablygrown foods with fewer chemical inputs (Gwinn, 2018; Marrone, 2014). Certain strains of
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Pseudomonas and Streptomyces can produce induced systemic resistance (ISR) to rice blast (De
Vleesschauwer et al., 2008, 2006; Lakshmanan et al., 2016; Law et al., 2017). However, such
biocontrol agents are still uncommon in rice blast control.
Saponins
The specialized metabolites known as saponins have potential to be produced and used as
biopesticides to reduce synthetic chemical usage for rice blast control. Triterpene saponins are
abundant in dicotyledonous plants (Iturbe-Ormaetxe et al., 2003; Moses et al., 2014; Townsend
et al., 2006). Saponins are produced through the mevalonate pathway, which directs the synthesis
of 2,3-oxidosqualene; depending on the route of cyclization, this precursor is converted to
triterpenes and sterols (Osbourn et al., 2011; Thimmappa et al., 2014). Beta-amyrin synthase
catalyzes the cyclization of oxidosqualene to β-amyrin, and glycosylation of β-amyrin yields
triterpene saponins (Suzuki et al., 2002). Steroidal saponins, more common to
monocotyledonous plants, are produced when oxidosqualene is converted to cycloartenol by
cycloartenol synthase (Moses et al., 2014). Saponins complex with the sterols in fungal
membranes, acting on their biosynthetic pathway cousins to fungicidal effect (Osbourn, 1996).
Therefore, saponins can effectively kill fungi, but not oomycetes like Pythium and Phytophthora
that lack sterols in their hyphal membranes (Osbourn et al., 1996; Quidde et al., 1999). The root
of saponin, sapo, means soap, and the soap-life qualities3 of saponins contribute to their ability to
disrupt fungal membranes.

3

Because saponins are capable of forming stable foams, they are also used as foaming agents and emulsifiers in
various industries (Gholami et al., 2014). Cooking instructions for saponin-rich quinoa call for rinsing the grain until
the foaming from the saponins on the surface of the grain subsides to reduce bitterness (Gwinn, 2018; McGee,
2004). The bitter taste of saponins contributes to an anti-palatability effect when present at high levels in forage
crops (Achnine et al., 2005; Osbourn et al., 2011).
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Some plant pathogens, including the grey mold pathogen Botrytis cinerea, are adapted to
saponins produced by their dicot hosts, and possess enzymes to detoxify them (Bouarab et al.,
2002; Quidde et al., 1999). Cereals and other monocots are generally deficient in saponin
production with the exception of oats (Avena sativa), which produce avenacins, a saponin group
exclusive to Avena species and their close relative Arrhenatherum elatius (Osbourn, 2003;
Osbourn et al., 1996; Townsend et al., 2006). Rice therefore cannot defend itself from pests or
disease with endogenous saponins, but likewise rice pathogens, including rice blast, are not
adapted to saponins; M. oryzae is sensitive to the oat saponin avenacin (Inagaki et al., 2013).
Gaeumannomyces graminis var. avenae, a fungal pathogen of oats, produces avenacinases for
dismembering avenacins (Osbourn et al., 1996). G. graminis var. avenae can infect both wheat
and oats, while G. graminis var. tritici, the causal agent of take-all disease in wheat and barley,
cannot infect oats. Oats’ resistance to G. graminis var. tritici is attributed to its production of
avenacin, while its susceptibility to G. graminis var. avenae results from the fungus’
detoxification of avenacin via avenacinase (Osbourn et al., 1991).
Saponins of the model legume Medicago truncatula
The legume Medicago truncatula is a prolific producer of triterpene saponins, and grown
as a forage crop like its alfalfa (Medicago sativa) in some countries, particularly Australia
(Barbetti et al., 2006; Iturbe-Ormaetxe et al., 2003; Roberson, 2014; Rogers, 2015). M.
truncatula accumulates saponins in its tissues, and accessions4 with higher saponin content tend
to resist fungal pathogens and insect pests more than those that are saponin-deficient. Saponin
production varies among accessions and can be tissue-specific. For example, accessions A17,

4

An accession is a natural population of a single species collected from the same geographical area; there are 5,703
distinct accessions of M. truncatula (Delalande et al., 2007).
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PRT178, and GRC43 produce high saponin content in foliar tissue, while ESP105, a wild
accession collected from Spain, contains low foliar saponin levels but very high in the roots
(Roberson, 2014; Rogers, 2015). The distribution of specific classes of saponins also differs
between aerial and root tissue. Bayogenin and hederagenin are mostly found in roots, while
zahnic acid glycosides are found in foliar and other aerial tissues (Lei et al., 2019). Abiotic
factors affecting saponin production include UV light exposure, wounding, and stress (Szakiel et
al., 2011). Insect feeding can also increase saponin production (Goławska et al., 2012).
Saponin-filled leaves benefit plants in resisting foliar pathogens and leaf-feeding insects,
but the especially high levels of saponins in ESP105 roots present an opportunity for harvesting
large quantities of these phytochemicals from hydroponically-grown plants. Hydroponic plant
production enables rapid biomass production, maintains the integrity of whole, fragile root
systems by growth in a liquid medium, and permits repeated harvests from individual plants
(Benzle and Cornish, 2017; Nguyen et al., 2016). In M. truncatula, root biomass in hydroponic
media has been reported to triple its yield as compared to plants grown in soil (Mhadhbi, 2012).
Saponin biopesticide modes of action
The only commercial saponin-based biopesticide registered in the U.S. as of this writing
is sourced from Quinoa chenopodium (Heads Up, Heads Up Plant Protectant, Inc.,
Saskatchewan, Canada), a pseudo-cereal known for high saponin levels (Gwinn, 2018). The
Heads Up quinoa saponin biopesticide is listed for use on many crops, including soybean for the
control of sudden death syndrome (SDS) caused by Fusarium virguliforme, but reports on
efficacy are mixed (Kandel et al., 2019; Navi and Yang, 2016).
The manufacturer of Heads Up claims quinoa saponins applied as a biopesticide work by
inducing systemic acquired resistance (SAR). In SAR, a chemical or physical trigger activates
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the plant’s innate defense systems, providing broad-spectrum resistance to pests and pathogens
(Fu and Dong, 2013). SAR is primarily regulated by salicylic acid (SA) in dicots, but is less well
understood and perhaps less utilized in monocots such as rice as compared to dicotyledonous
plants, and the precise role of SA is unclear (Balmer et al., 2013; Kogel and Langen, 2005). Rice
contains high endogenous levels of SA, but SA levels do not appear to change due to infection or
trigger pathogenesis-related (PR) genes as in other plants (Yang et al., 2004). SAR has been
reported to be induced in rice by application of jasmonic acid or 2,6-dichloroisonicotinic acid,
and by wounding (Lee et al., 2001; Schweizer et al., 1998, 1997). Because of the anti-fungal
activity of saponins, it is more difficult to assess whether they induce resistance like other
biopesticides, as reduced disease symptoms may be due to either mode of action (Gwinn, 2018).
Brown rice storage life and CRISPR gene editing
Brown rice
Nutrient properties of brown rice
The United States Department of Agriculture recommends that whole grains comprise
half of all grain servings in a healthy diet (USDA, 2020). Brown rice is a whole grain, and is
defined as kernels removed from their hull without further processing or milling to remove the
exterior bran layer where whole grain nutrients are concentrated (USDA, 2009). A whole brown
rice kernel is composed of approximately 90% starch, 6-7% fat, and 2-3% embryo (Chen et al.,
1998). Per 100 g of cooked rice, brown rice contains, relative to unenriched white rice, 4× as
much fiber. Brown rice mineral content exceeds white rice by 2.8× with respect to iron and
contains 3.3× the magnesium; 2.1× the manganese; 2.4× the phosphorus; 2.5× the potassium; and
1.5× the zinc. Brown rice is also rich in vitamins: 8.9×, 5.3×, 6.4×, 3×, and 4.3× the thiamin,
riboflavin, niacin, folate, and vitamin E (alpha-tocopherol) respectively, as compared to white
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rice (Haytowitz et al., 2019). Conversely, arsenic levels in brown rice and especially in pure rice
bran are many times higher than in white rice (Sun et al., 2008). The anaerobic environment of
rice growing in flooded paddies promotes arsenic accumulation (Punshon et al., 2017; Xu et al.,
2008). Dietary exposure to arsenic in rice is generally not considered dangerous for adults, but
may be of concern to children (Lai et al., 2015).
Storage life of brown rice
Fiber-, vitamin-, and mineral-rich brown rice also contains 4× as much fat as white rice.
The majority of the fat in brown rice is composed of mono- and poly-unsaturated fatty acids
(Haytowitz et al., 2019; Nantiyakul, 2012). Such unsaturated fats are considered healthy and for
consumption, but these unsaturated fatty acids are also highly prone to oxidation, reducing the
desirability of brown rice and its products when allowed to stale in storage (Mohan et al., 2017).
Processing of rice can promote or limit these oxidation processes. Removal of the rice hull
creates small abrasions in the bran surface; these minor wounds initiate lipid oxidation by
exposing dormant lipid oxidation enzymes to the compartmentalized oil (Atungulu and Pan,
2014; Champagne, 2004). Even parboiled brown rice, which has been processed at temperatures
that inactivates oxidation enzymes, is susceptible to rancidity due to the activity of microbial
lipases and thus has a storage life of approximately 6 months (Mohan et al., 2017).
Hydrolysis and oxidation of lipid molecules
Products of lipid oxidation reactions
The undesirable products of lipid oxidation include multiple long-chain aldehydes that
produce stale or rancid odors in whole grain products or oils derived from them (Champagne,
2008; Long et al., 2013; McGee, 2020). These aldehydes include hexanal, (Z)-hex-3-enal, (Z)and (E)-non-2-enal, and (Z)-dec-2-enal, most of which are associated with a “green”, grassy, or
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leaf-life aroma. Several of the molecules producing these “green” aromas are green leaf volatiles
(GLVs), the six-carbon molecules formed from free fatty acids (FFAs) by hydroperoxide lyase
enzymes in response to wounding or other instigating signals. Such volatiles play important roles
in plant defense. In the context of brown rice and other whole grains, these aldehydes are
associated with a sharp, unpleasant flavor. Other aldehydes produce a fatty aroma, including (Z)dec-2-enal, (E,E)-nona-2,4-dienal, (E,Z)- and (E,E)-deca-2,4-dienal. Non-aldehyde aromatics
contributing to rancid or sweaty odor include butanoic, 2- and 3-methylbutanoic, pentanoic, and
hexanoic acids (Champagne, 2008).
Lipid oxidation enzymes in rice bran
Lipases
Lipases in rough rice kernels are sequestered in the testa layer of the bran, beneath the
aleurone layer which, along with the germ at the base of the kernel, contains the oil fraction of
the whole grain (Champagne, 1994). There are at least 73 putative lipase genes in rice catalogued
in the Rice Genome Annotation Project (Sinha et al., 2020). Tiwari et al. (2016) noted that
lipases in grasses are especially under-researched, in part due to how difficult it is to isolate
lipase genes and study them by expression in Escherichia coli. Therefore, the researchers
identified putative lipase genes in rice using bioinformatics tools for molecular analysis. Of 125
potential lipase genes identified from the Massively Parallel Signature Sequencing database, 54
were confirmed to contain a common lipase motif and were also expressed in seed and leaf
tissue. Of these 54, LOC_Os01g71010 (L1) and LOC_Os11g43510 (L2) were found to be highly
expressed in rice bran and developing seed. Software analysis suggested that L2 encodes a lipase
with high affinity for oleic and linoleic acids, which comprise a high percentage of rice FAs
(Zaplin et al., 2013). Expression of L2 in the yeast Pichia pastoris confirmed the predicted lipase
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activity; the specific effect of L2 expression activity on rice lipid hydrolysis and FFA content has
not been previously determined.
Lipoxygenases
Unlike lipases, which are found in the testa layer of the rice kernel and thus separate from
their lipid substrate, lipoxygenases in whole brown rice are contained in the germ layer with a
portion of the oil fraction. Without access to FFAs liberated by lipases, however, the oxidation of
lipids is slowed in undamaged grains (Champagne, 1994). Lipoxygenases serve many important
physiological functions, mediating stress response and contributing to growth and development,
among other roles (Viswanath et al., 2020).
A triplet of lipoxygenases, LOX1 (LOC_Os03g49380), LOX2 (LOC_Os03g52860), and
LOX3 (LOC_Os03g49350), has been identified as having a specific role in rice seed longevity.
LOX1 expression is induced by wounding, suggesting it is also essential for stress response
(Wang et al., 2008). Overexpression of LOX2 and LOX3 decreases rice seed germination rates
after storage (Huang et al., 2014; Long et al., 2013). LOX3 has previously been silenced by RNA
interference (RNAi) and mutagenized by the transcription activator-like effector nucleases
(TALENs) gene editing system, increasing seed longevity (Bai et al., 2015; Gayen et al., 2014;
L. Ma et al., 2015; Xu et al., 2015). Repression of LOX3 expression by RNAi also partially
represses expression of LOX2 and especially LOX1 (Xu et al., 2015). TALEN-induced
mutagenesis of LOX3, however, did not affect LOX2 expression, but lead to an up-regulation of
LOX1; increased expression of LOX1 did not counteract the increase in seed longevity caused by
LOX3 mutation (L. Ma et al., 2015). The absence of LOX3 in the Daw Dam variety of rice is
inherited as a recessive trait, and is associated with reduced volatile compounds associated with
stale flavor (Shirasawa et al., 2008; Suzuki et al., 1999, 1996).
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Hydroperoxide lyases
Hydroperoxides produced by lipoxygenase from FFAs liberated by lipases can be
channeled into one of two pathways: jasmonic acid formation via allene oxide synthase (AOS),
or aldehyde production via HPL (Chehab et al., 2007; Lyons et al., 2013). AOS and HPL
compete for hydroperoxide substrate, which is in turn limited by FFA production resulting from
lipase activity (Matsui, 2006). Several of the aldehydes listed previously that are associated with
“green” or stale odor in grain are GLVs, the production of which is often induced by wounding,
such as by herbivorous insects. Of the three HPLs of rice, OsHpl3 is transcriptionally-induced by
wounding (Chehab et al., 2006; Lyons et al., 2013).
CRISPR gene editing
History of CRISPR’s discovery and technological development
CRISPR/Cas9 gene editing is one of the most revolutionary yet most recent
biotechnologies of all time, having originated in the 1990s when Spanish microbiologist
Francisco Mojica discovered clustered, regularly interspaced palindromic repeats (CRISPRs) in
the DNA of archaea. These unique clusters are “interspaced” with short nucleic acid sequences
matching those of predator viruses (Mojica et al., 2005). Following the discovery of CRISPRs
and CRISPR-associated (Cas) nucleases, researchers elucidated an adaptive bacterial immune
system, wherein snippets of bacteriophage DNA were stored in bacterial genomes for
transcription into guide RNA molecules—called CRISPR RNAs (crRNAs) and trans-activating
CRISPR RNAs (tracrRNA)—that target Cas enzymes to destroy intruding viral DNA
(Barrangou et al., 2007; Bolotin et al., 2005; Brouns et al., 2008; Deltcheva et al., 2011;
Makarova et al., 2006; Mojica et al., 2009). It was demonstrated that this system could be
programmed in bacteria, in mouse and human cell lines, and in plants, including rice, to target
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and modify DNA virtually anywhere in the genome (Cong et al., 2013; Gasiunas et al., 2012;
Jinek et al., 2012; Mali et al., 2013; Shan et al., 2013). CRISPR gene editing has since emerged
as a powerful tool for inducing mutations in specific regions of DNA across many species.
CRISPR gene editing functions by transiently or transgenically introducing two
components, a guide RNA (gRNA), typically a fused tracrRNA:crRNA molecule; and a DNAcleaving enzyme such as Cas9, into the system of interest. The gRNA is custom-fitted with a 20nucleotide protospacer sequence homologous to a target area in the gene of interest that is
immediately upstream (in the 5’ direction) of a protospacer-adjacent motif (PAM) with sequence
NGG. When expressed, the Cas9 enzyme and gRNA work together to unwind and scan the
DNA, until landing on the homologous region and inducing a double-stranded break three base
pairs upstream of the PAM (Garneau et al., 2010). The cell attempts to repair the break either by
non-homologous end joining (NHEJ) or homology-directed repair (HDR) if appropriate template
is available.
NHEJ is the primary DNA repair mechanism used in higher eukaryotes, plants included.
To repair a double-stranded break (DSB) by classical NHEJ, the cell first binds the broken end
with a two-protein complex called Ku70/Ku80, which recruits repair mediators called DNAdependent protein kinase catalytic subunits (DNA-PKcs) to the DSB. (Ku70/Ku80 homologs
have been identified in rice, but DNA-PKcs have not (Nishizawa-Yokoi et al., 2012).) Finally,
the ends of the DNA are merged by a ligase-XRCC complex (Hong et al., 2010; Mladenov and
Iliakis, 2011; Waterworth et al., 2011). NHEJ lacks a mechanism for specifically joining the ends
of a DSB that resulted from a single event, and does not use homologous template to correctly
repair a break (Manova and Gruszka, 2015). Mutations occur during end-processing, when
polymerases add new nucleotides; when the original broken ends are joined to accessible
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fragments nearby rather than each other, causing insertions; or when sticky ends at a break site
anneal improperly, resulting in deletions.
The NHEJ pathway can be used at low efficiency to effect gene replacement in rice, but
is primarily useful for effective targeted mutagenesis in gene editing by CRISPR or other
methods (J. Li et al., 2016). Though it occurs less often in rice, HDR is more powerful for
precise editing or targeted replacement, and can be used to substitute desired DNA at a particular
location while maintaining the integrity of the adjacent wild-type sequence (Sun et al., 2016).
HDR is promoted in rice by knockout of the Ku proteins that associate with the broken ends at
the beginning of NHEJ (Nishizawa-Yokoi et al., 2012). Another emerging use of CRISPR is as
a tool to bring transcriptional activators or repressors to the promoter regions of genes of interest
in order to induce overexpression or limit expression without altering gene sequence.
Transcriptional activation with CRISPR/Cas9 has been achieved in rice (Lowder et al., 2018,
2015).
Comparison of CRISPR to older gene editing methods
Two significant gene editing methods predated CRISPR: zinc-finger nuclease (ZFN) and
transcription activator-like effector nuclease (TALEN) (Abdallah et al., 2015). Like CRISPR,
both systems operate with nuclease enzymes that cut DNA at a desired location, and result in
mutations that knock out gene function or targeted replacement depending on the repair pathway
used by the cell as previously described. ZFN editing requires a customized protein chimera,
with multiple zinc finger domains that each recognize a specific triplet of nucleotides. The FokI
nuclease is then used to cleave at the site recognized by the ZFN chimera (Kim et al., 1996;
Miller et al., 2007; Nemudryi et al., 2014). Development of TALEN gene editing originated with
the discovery and characterization of TAL effectors in pathogenic Xanthomonas species in the
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early 2000s (“Method of the Year 2011,” 2012; Römer et al., 2007; Schornack et al., 2006).
TALEs secreted by Xanthomonas are capable of binding to specific DNA in their plant host’s
genome and activating the targeted genes, promoting disease development (Moscou and
Bogdanove, 2009; Nemudryi et al., 2014). TALEs are targeted by a DNA-binding domain
consisting of 34-amino acid monomers that recognize one specific nucleotide. Compared to the
3-nucleotide recognition of ZFN binding domains, TALEs use a simpler targeting system for
gene editing. A custom TALE DNA-binding domain complexed with a FokI endonuclease in one
vector forms the basis of the TALEN gene editing system.
Gene editing by either ZFN or TALEN can be laborious and expensive, as they require
the engineering of custom nucleases for targeting specific regions. Custom RNA guides, such as
those required for CRISPR, are much simpler to design and more economical to produce. The
CRISPR system is also ideal for multiplexing: stacking multiple guides together in a single
vector for targeting multiple genes and/or multiple locations within a gene in a single
transformation process (Cong et al., 2013; X. Ma et al., 2015; Xie et al., 2015).
Text data mining and global rice cuisine
Rice: a versatile, staple food
Rice, wheat, and corn (maize) supply the world with ~40% of its total consumed calories.
Though more wheat than rice is grown and consumed, 78% percent of all rice grown in the world
is consumed by people, while only 64% of wheat is eaten by people. Corn is more of an
industrial product and source of food for livestock than it is food for people: 86% of the global
corn crop is turned into biofuel or fed to animals (GRiSP, 2013). Furthermore, rice is consumed
most often as an intact grain, and therefore lends itself to a more central role in dishes. Use of
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staple foods through their processed forms, as in corn oil, starch, and syrup, and wheat flour5,
can de-emphasize the unique qualities and textures of the food. Rice is also versatile in its many
processed forms, which include noodles, rice bran oil, brown rice syrup, both white and brown
rice flours, vinegar, and alcoholic beverages6 such as mirin and sake. But consumption of rice as
a milled white or unprocessed brown kernel sets it apart from corn and wheat.
According to food writer Roger Owen, three “attitudes” towards cooking rice developed
through history depending on the role of the grain in the culture cooking it (Owen, 1999). Rice is
typically prepared as an unadorned staple, a delicacy, or a basis for complex savory dishes.
Plain-cooked rice is served as a backdrop or side dish for many if not most dishes in cultures that
have historically revered rice as divine. In countries where rice was first an expensive import if it
was available at all, it was a special-occasion food, its status as such leading to the many festive
rice puddings of Western Europe. Finally, and especially where rice is not the sole staple, it
became the underpinning grain of pilafs and many other savory preparations—not a backdrop,
but a fully-integrated ingredient.
Cultural significance and genetics of rice qualities
The qualities of stickiness, grain shape and size, and aroma have all shaped and been
shaped by cultural rice cuisines. Breeding, whether done through traditional practices or modern
biotechnologies, is the way humans shape our food’s aroma, taste, texture, color, size, and
myriad other eating and cooking qualities before it makes it to our kitchens and serving vessels

5

Rice is more comparable to wheat in terms of how the variability of the grain qualities impact final dishes.
Variations in content of the wheat protein gluten are extremely important in functionality and final textures of foods.
Rice texture is affected primarily by its starch profile rather than its protein content.
6
Rice is also used as an adjunct starch in beer brewing. Case-in-point: Anheuser-Busch is the largest end user of rice
in the United States. Glutinous/waxy rice is better for alcohol production, but is not commonly grown in the
Southern U.S. (Fuller and Castillo, 2016) There is some glutinous/waxy rice produced in California (e.g. Calmochi
rice) (Cuevas and Fitzgerald, 2012).
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and palates. Rice may be the most diversified crop in the world, and a significant contributor to
that diversification is the cultural food preferences that shaped selective breeding beginning
many millennia ago (Fuller and Castillo, 2016). The ecological and geographical variation in rice
cultivation is further proof of this diversification.
Likely the most significant quality of rice that has been shaped by food preferences is the
relative stickiness of the grain. Sticky rice is heavily or exclusively preferred in many Southeast
Asian countries, including Thailand, Laos, and Vietnam, though significant variation in
preference exists among ethnic groups (Fuller and Castillo, 2016). Fluffy rice—that is, rice with
a firmer texture and more distinct grains after cooking—is typically preferred in India, the U.S.,
Africa, and many parts of Western Europe (Suwannaporn and Linnemann, 2008). Stickiness is
genetically determined by the ratio of amylopectin to amylose in the starch (Chang, 2000).
Amylopectin, which is made up of chains of glucose molecules arranged in a highly branched7
structure, comprises 65-99% of rice starch. Amylose molecules are unbranched chains of glucose
molecules.
A greater proportion of the long amylose strands promotes a fluffy texture with grains
remaining separate and distinct from each other after cooking, due to amylose molecules’ ability
to form stable gels. Low amylose levels, especially in varieties with the waxy mutation in GBSS1
(granule-bound starch synthase 1) that knocks out amylose starch synthesis, result in a soft and
sticky texture after cooking, as the branched structure of amylopectin helps the starch molecules
stay separate after gelatinization occurs in cooking (Fuller and Castillo, 2016; Owen, 1993).
Myriad other genetic contributors to starch structure and composition have created a spectrum of

7

Branch number and length is affected by many factors, genetic and environmental. Elevated nighttime air
temperatures during the grain-filling stages of rice development can increase the number and length of branches,
resulting in higher gelatinization temperatures (Counce et al., 2005; Patindol et al., 2014).
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rice stickiness. As previously mentioned, there are two subspecies within O. sativa: indica and
japonica. Indica and tropical japonica varieties tend to have lower amylopectin levels and are
less sticky than the temperate and glutinous japonicas, the latter of which are waxy mutants with
virtually no amylose content. The African rice species O. glaberrima has a dry and fluffy texture.
Rice shape is also genetically determined with strong cultural preferences (Calingacion et
al., 2014). Short, bold (i.e. small ratio of length to width) grained rice dominates Japan, Taiwan,
Northern China, and South Korea. Long and extra-long grains (which tend to be more slender i.e.
larger ratio of length to width) are popular in Pakistan and Iran. China and India, both with
populations of over one billion people, display highly regional rice preferences. Grain length is
controlled in large part by GS3 (Grain Size 3), which is also a yield-related gene (Fuller and
Allaby, 2009; M. Li et al., 2016). Grain width is controlled in part by GW5 (Grain Width 5) and
others (Ponce et al., 2020).
Aromatic rice produces 2-acetyl-1-pyrroline, a fragrant molecule it shares with popcorn
(McGee, 2020). The most common aromatic varieties are basmati, most common in India and
Pakistan, and jasmine, of Thailand, with the latter having a more sticky texture (i.e. lower
amylose content) than the former (Suwannaporn and Linnemann, 2008). Less well known are the
sadri rices of Iran, which are more genetically similar to basmati than jasmine (Calingacion et al.,
2014). The most fragrant rice varieties contain a knockout mutation in BADH2 (betaine aldehyde
dehydrogenease 2), but as with the Waxy gene and stickiness, there are multiple other genetic
contributors to a spectrum of aromaticity (Sakthivel et al., 2009).
Text analysis
Text mining, also known as text data mining, is a method for deriving new information
from written documents by converting unstructured text into its component terms and analyzing
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the frequency of those terms, their association with other terms, and various other patterns of
usage within the documents of interest (Tan, 1999; Witten, 2004). These resulting data patterns
can be used for descriptive purposes, summarizing complex qualitative data in easily-digestible
clusters, as well as for predictive purposes, wherein new documents can be classified to
established clusters. A “document” with respect to text mining is a discrete piece of textual data,
such as a single recipe in a cookbook or other database (Do Nascimento et al., 2013; Valente et
al., 2018). Text data mining tools are available in many software packages, including in JMP Pro
by SAS, with the Text Explorer platform (Tao et al., 2020; Wise, 2017).
Jain et al. (2015) utilized an online repository of 3,330 recipes to analyze food pairing
patterns across regional cuisines of India, finding that a negative food pairing pattern (i.e. pairing
of ingredients of different flavors) is common in Indian cuisines across all regions. Positive food
pairing (i.e. pairing of similar-flavored ingredients) is common in North American, Latin
American, and Southern European cuisine (Ahn et al., 2011). Zhu et al. (2013) analyzed 8,498
recipes from a Chinese recipe website to evaluate China’s regional cuisine and concluded
ingredient usage in regional cuisines are more correlated with geographical proximity rather than
climate similarity. Other published uses of text mining for food research include an analysis of
ingredients in 324 gluten-free products, and modelling the sensory attributes of 7,000 wines (Do
Nascimento et al., 2013; Valente et al., 2018). Text mining provides a quantitative method for
analyzing qualitative data and can be used in food research to complement other scientific
research techniques.
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2. Saponin-enriched root extracts of Medicago truncatula inhibit Magnaporthe oryzae
growth and appressorium formation in vitro and mitigate rice blast disease in planta
A. Abstract
Plants produce a range of specialized metabolites for defense against insects and
pathogens. These include saponins, a structurally diverse group of compounds with varied
pesticidal activities that are relatively non-toxic to humans, and therefore prime candidates as
natural compounds to control plant disease. Accession ESP105 of Medicago truncatula, a
relative of cultivated alfalfa (Medicago sativa), produces high levels of saponins in its roots. M.
truncatula was grown hydroponically to produce clean roots that could be harvested multiple
times from the same plant. Dried roots were subjected to a methanol extraction followed by
enrichment with saponins by elution through a C18 column. We tested the effects of these
saponin-enriched root extracts (SREs) against a significant plant disease, rice blast, which is
caused by the ascomycete Magnaporthe oryzae. Rice blast is the most serious disease of rice
(Oryza sativa), causing up to 30% of global yield losses every year (Talbot, 2003). In vitro,
SREs produced measurable zones of clearing on plates of M. oryzae culture, and inhibited fungal
germination and appressorium formation after overnight incubation of spores in extracts, in dosedependent manners. When applied to foliar tissue of rice seedlings (cultivar CO39) prior to
inoculation with M. oryzae (strain Guy11), SREs of M. truncatula significantly reduced rice blast
lesion area in planta. We found no evidence SREs applied to rice leaves could prevent disease by
inducing plant defense responses. If produced on a large scale, root extracts can potentially be
used as alternative means to manage rice blast disease.
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B. Introduction
Saponins
Plants produce a range of metabolites for defense against pathogens and herbivorous
pests. These include triterpene saponins, a diverse group of molecules derived from sterols via
the mevalonate pathway, which are abundant in dicotyledonous plants, including the legume
Medicago truncatula (Iturbe-Ormaetxe et al., 2003; Osbourn et al., 2011; Suzuki et al., 2002;
Thimmappa et al., 2014; Townsend et al., 2006). Saponins can complex with sterols in fungal
membranes, acting on these related compounds to fungicidal effect, and are therefore candidates
for extraction and use as a biopesticide on saponin-deficient plants (Osbourn, 1996). The root of
saponin, sapo, means soap, and the soap-life qualities of saponins also contribute to their ability
to disrupt fungal membranes. Rice (Oryza sativa), other cereals, and monocots in general are
deficient in saponin synthesis with the exception of oats (Avena sativa) (Osbourn, 2003).
Avenacins, a saponin group exclusive to Avena species and their close relative Arrhenatherum
elatius, confer resistance of oats to Gaeumannomyces graminis var. tritici, the causal agent of
take-all disease in wheat and barley (Osbourn et al., 1996, 1991). The causative agent of rice
blast, Magnaporthe oryzae, is sensitive to avenacin, and therefore likely sensitive to other
saponins as well, such as those derived from M. truncatula (Inagaki et al., 2013).
Medicago truncatula
M. truncatula is a model legume species closely related to cultivated alfalfa (Medicago
sativa), and grown as a forage crop like alfalfa in some countries, particularly Australia (Barbetti
et al., 2006; Roberson, 2014; Rogers, 2015). M. truncatula accumulates saponins in both aerial
and root tissues, and accessions with higher saponin content tend to resist fungal pathogens and
insect pests more than those that are saponin-deficient. Saponin production varies among
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accessions and can be tissue-specific. For example, accessions A17, PRT178, and GRC43
produce high saponin content in foliar tissue, while ESP105 saponin levels are low in the leaves
but very high in the roots (Lei et al., 2019; Roberson, 2014).
Saponin-filled leaves benefit plants in resisting foliar pathogens and leaf-feeding insects,
but the especially high levels of saponins in ESP105 roots present an opportunity for harvesting
large quantities of these phytochemicals from hydroponically grown plants. Hydroponic plant
production enables rapid biomass production, maintains the integrity of whole, fragile root
systems by growth in a liquid medium, and permits repeated harvests from individual plants
(Benzle and Cornish, 2017; Nguyen et al., 2016). In M. truncatula, root biomass in hydroponic
media has been reported to triple its yield as compared to plants grown in soil (Mhadhbi, 2012).
Magnaporthe oryae
M. oryzae is an ascomycete fungus that causes rice blast disease, which leads to losses of
10-30% of the global rice crop every year (Talbot, 2003). The infectious stage of M. oryzae, a
three-celled conidium, enters rice cells through an appressorium, a specialized structure with a
melanin-enriched cell wall that takes in the contents of the spore as it undergoes autophagy, and
accumulates a high concentration of glycerol thereby drawing in water from the atmosphere by
osmosis (Wilson and Talbot, 2009). A very high humidity level is required for infection due to
the necessary osmotic gradient for proper appressorium development (Martin-Urdiroz et al.,
2016). The turgor pressure created by the swelling of the appressorium can reach 8.0 MPa and
ultimately powers a penetration peg that forms against rice cuticle to punch through into the cell
(Talbot, 2003). After this violent entry, the fungus enters a quiet biotrophic phase, spreading
within and between cells and deactivating plant defenses in the progress, before it begins a
necrotrophic phase for reproduction (Oliveira-Garcia and Valent, 2015; Yi and Valent, 2013).
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The symptoms of rice blast during this necrotrophic phase include characteristic yellow or brown
lesions with dark gray centers containing conidia. The conidia can be carried by wind to other
hosts or overwinter on debris or seed to infect the next crop (Wilson and Talbot, 2009). Rice
blast is typically controlled by synthetic fungicides, which contribute to the environmental
impact of rice agriculture. Because M. oryzae is known to be sensitive to oat saponins, it may be
controlled by M. truncatula saponins as well.
Induction of plant defenses
Saponins can directly damage fungal pathogens by complexing with the sterols in their
membranes. However, saponins may also help plants resist plant pathogens by inducing their
inherent defense systems. The only commercial saponin-based biopesticide registered in the U.S.
as of this writing is sourced from Quinoa chenopodium (Heads Up, Heads Up Plant Protectant,
Inc., Saskatchewan, Canada), a pseudo-cereal known for high saponin levels (Gwinn, 2018). The
manufacturer of Heads Up claims quinoa saponins applied as a biopesticide work by inducing
systemic acquired resistance (SAR). Heads Up is listed for use on many crops, including soybean
for the control of sudden death syndrome (SDS) caused by Fusarium virguliforme, but reports on
efficacy are mixed (Kandel et al., 2019; Navi and Yang, 2016).
In SAR, a chemical or physical trigger activates the plant’s innate defense systems,
providing broad-spectrum resistance to pests and pathogens (Fu and Dong, 2013). SAR is
primarily regulated by salicylic acid (SA) in dicots, but is less well understood and perhaps less
utilized in monocots such as rice as compared to dicotyledonous plants, and the precise role of
SA is unclear (Balmer et al., 2013; Kogel and Langen, 2005). Rice contains high endogenous
levels of SA, but SA levels do not appear to change due to infection or trigger pathogenesisrelated (PR) genes as in other plants (Yang et al., 2004). SAR has been reported to be induced in
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rice by application of jasmonic acid or 2,6-dichloroisonicotinic acid, and by wounding (Lee et
al., 2001; Schweizer et al., 1998, 1997). This research reports the effects of saponin-enriched
root extracts of hydroponically-grown M. truncatula on M. oryzae in vitro and in planta, and
attempts to determine whether the observed effects are due to direct fungal antagonism and/or
induced plant defenses.
C. Materials and Methods
Preparation of root extracts
M. truncatula ESP105 and M. sativa seeds were germinated in soil in a growth chamber
(23°C/day, 20°C/night), then transferred to hydroponic pots. Plants were fed weekly with
hydroponic growth nutrients. After at least two weeks, roots were harvested by clipping from the
bottom (Figure 1). Plants were returned to hydroponics and allowed to regenerate more roots for
further testing. Roots were not rinsed, in order to preserve potentially saponin-rich border cells
(Watson et al., 2015), and were air-dried on a metal sheet pan in a fume hood overnight. Dried
roots were ground in a food processor under a vent hood or merely cut into small pieces with
scissors for extraction.
To prepare defatted root extracts, approximately 10 g of ground roots were weighed into
a cellulose thimble (Whatman extraction thimble 603). The thimble was transferred to a Soxhlet
apparatus, and 200 ml of hexanes were heated in a round-bottom flask to defat the roots for
approximately 5 ½ hours. Hexanes were allowed to evaporate from roots for approximately 30
minutes before proceeding to saponin extraction.
Defatted roots or non-defatted dried roots were combined with 250 ml 80% methanol in a
large flask (for a ratio of 25 ml 80% methanol to 1 g dried tissue), covered, and incubated at
50°C in a shaking incubator set to 110 rpm overnight (roughly 16 hours). After incubation, the
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liquid was decanted into a funnel lined with a double layer of Miracloth into a second flask. The
extraction and decanting was repeated with the root residue in the flask, an additional 250 ml
80% methanol, but only 3 hours of incubation. To further reduce solid residue, extracts were
filtered through a Whatman 3 filter paper, followed by a 0.45 µm filter (Pall Life Sciences FPVericel Membrane Filter). The filtered extracts were carefully decanted into a 1000-ml ball flask,
which was attached to a Rotavapor apparatus (Büchi Rotovapor RE121), lowered into a 55°C
water bath (Büchi Waterbath B-480), and rotated at 50 rpm to evaporate methanol. A vacuum
was slowly applied to promote gentle boiling of the methanol. One-to-two milliliters of aqueous
solution, designated “crude extract,” were transferred to pre-weighed tubes and dried under
vacuum (Savant SpeedVac Concentrator SVC100H), and the mass used to determine the
concentration of the solution.
Some crude root extracts (REs) were retained for testing against M. oryzae in planta and
in vitro. The remaining extract was diluted with pure methanol to a final concentration of 35%
methanol and applied to two C18 columns (Waters Sep-Pak Vac® 35 cc) under vacuum for
enrichment with saponins. After binding to the column, the column was washed with 4 volumes
of sterile water, then 4 volumes of 15% methanol. Saponin-enriched extracts were eluted with 34 volumes of 100% methanol into 50-ml Falcon tubes. Aqueous saponin-enriched root extracts
(SREs) were prepared by repeating the Rotovapor procedure described above, transferred to preweighed tubes, dried in a SpeedVac, and quantified.
In vitro plate assays of root extract activity
For in vitro and in planta tests of root extract efficacy, M. oryzae spores were harvested
from 10-to-12-day-old cultures of M. oryzae strain Guy11, a wild-type isolate from French
Guyana virulent on rice cultivar CO39, which was used for in planta assays (Leung et al., 1988;
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Ribot et al., 2013). Guy11 was provided by the lab of Martin Egan at the University of Arkansas
and cultured on CM media (CM: 50 ml 20× nitrate salts, 1 ml trace elements, 10 g dextrose, 2 g
bacto-peptone, 1 g yeast extract, 1 g bacto-casamino acids, 1 ml vitamin solution, 15 g agar in 1
L distilled deionized water). Spores were washed several times in sterile water by low-speed
centrifugation (5,000 rpm), quantified with a hemocytometer, and adjusted to a suspension of 105
spores/ml in 0.2% gelatin. To produce a uniform distribution of fungi on Petri dishes, 105 spores
were combined with 7 ml of 0.7% PDA melted and cooled to 50°C in a water bath. The liquid
spore-media suspension was poured over a solid bottom layer of PDA in a plastic Petri dish. The
top spore-containing layer was allowed to dry before sterile filter paper disks were arranged in a
grid on each plate. Ten µl of each treatment were applied to each disk. Plates were wrapped in
parafilm and placed in the dark to allow spores germinate.
Two independent in vitro plate assays were completed. In the first (Figure 4A), the
following 2-fold dilution series were prepared in 0.1% Tween 20: M. truncatula crude root
extracts (REs) – 50 mg/ml→25 mg/ml→12.5 mg/ml→6.25 mg/ml→3.12 mg/ml→0 mg/ml; M.
truncatula SREs – 25 mg/ml→12.5 mg/ml→6.25 mg/ml→3.12 mg/ml→1.56 mg/ml→0 mg/ml;
saponins of Quillaja saponaria (INDOFINE BIO-348) – 45 mg/ml→22.5 mg/ml→11.25
mg/ml→5.6 mg/ml→2.8 mg/ml→0 mg/ml. Prior to dilution, the Quillaja saponins were filter
sterilized with a 0.45-µm filter. The assay was replicated across three plates. Zones of clearing
were measured with a digital caliper three days post inoculation. In the second assay (Figure 4B),
crude REs were not evaluated, but the same dilution series of Quillaja was compared to both M.
truncatula and M. sativa SREs prepared according to the following 2-fold dilution series: 50
mg/ml→25 mg/ml→12.5 mg/ml→6.25 mg/ml→3.12 mg/ml→0 mg/ml. The assay was
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replicated across four plates in and zones of clearing were measured with ImageJ three days post
inoculation.
Appressorium formation assays
To determine the effects of M. truncatula and M. sativa SREs on M. oryzae on
appressorium formation, conidia were harvested from 10-day-old cultures of Mo Guy11 and
assayed according to the methods described in Li et al. (2017) and Zhang et al. (2009). A 2-fold
dilution series of SREs was mixed with spores and pipetted in 350-ul aliquots into an 8-well
plate (Figure 2). The plate was incubated in the dark overnight to allow for spores to adhere to
the bottom of the plate and form appressoria. The following day, spores were imaged on an
inverted microscope, with ten images taken at random locations within each well. All
ungerminated spores, germinated spores without appressoria, and germinated spores with
appressoria on each image were counted with the ImageJ Cell Counter plugin.
In planta rice blast assays
Rice cultivar CO39, an indica line susceptible to M. oryzae Guy11, was used for all
experiments and sown 4 plants to a pot in potting mix (Sun Gro® Horticulture Professional
Growing Mix) 2-3 weeks prior to root extract treatment and rice blast inoculation (Ribot et al.,
2013). Seed was obtained from the lab of Dr. Martin Egan. After seedling emergence, plants
were treated with a 1× solution of chelated iron (BASF Sprint® 330) 3 times per week, fertilizer
(Miracle-Gro® All Purpose Plant Food) 2–3 times per week, and Bacillus thuringiensis granules
(Gnatrol® WDG) 2–3 times per week as needed for fungus gnat control. Plants were maintained
in a growth chamber (28°C/day, 24°C/night) or greenhouse (summer 93°C/max, 70°C/min;
78°C/average; spring and fall 85°C/max, 65°C/min, 75°C/average).
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The general pre-treatment, inoculation, and disease quantification protocol is illustrated
in Figure 3. All treatments and inoculum were applied with an airbrush. All pre-treatments were
prepared in 0.1% Tween® 20. Crude and saponin-enriched root extracts were diluted to
concentrations of 5 and 2.5 mg/ml, respectively, and applied at a rate of 1.25 ml/plant. These
concentrations were identified in trial assays as effective in planta, and sufficient volume for
treatment could be produced at these concentrations from typical root extractions. In all
experiments except the SAR assays, the extracts were compared to a 50 µM solution of the
fungicide epoxiconazole (provided as a gift from BASF) and applied at a rate of 2 ml/plant.
Uninoculated (negative) and inoculated (positive) controls were pre-treated with 0.1% Tween®
20 (1.25 ml/plant). Pre-treatments were applied to plants and allowed to dry for approximately 2
hours. For inoculation, spores were harvested from 10-to-12-day-old cultures of M. oryzae strain
Guy11 as described for in vitro assays above, adjusted to a suspension of 105 spores/ml in 0.2%
gelatin, and applied at a rate of 2 ml/plant. The uninoculated negative control was sprayed with
0.2% gelatin (2 ml/plant). After inoculation, plants were transferred to a dew chamber for 48
hours, then returned to their original growth chamber or greenhouse.
The most-diseased leaf from each plant was removed and scanned at 600 dots per inch
(DPI) on a blue background 7 days post inoculation. All images were uniformly adjusted in
Microsoft Office Picture Manager to increase brightness (+10), reduce contrast (-5), and adjust
midtones (+5). Lesion area was quantified by ASSESS (Version 1.0, American
Phytopathological Society) with leaf threshold of 180/60 and lesion threshold of 101/31, both in
HSI mode. Thresholds were adjusted for each experiment as needed. Treatment and replication
structure varied among in planta experiments and is explained individually in the results,
discussion, and figure captions below.
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Induced resistance in rice by root extracts
Besides directly antagonizing the pathogen by impacting appressorium formation or
penetration, saponin-enriched root extracts of Medicago species may also induce a systemic
acquired resistance (SAR) response in rice. To test for SAR induction, the methods of Schweizer
et al. (1998) were employed. CO39 plants were grown to 3-leaf stage, then treated with 0.1%
Tween® 20 for the uninoculated and inoculated controls, 0.1 mg/ml jasmonic acid in ethanol (1
ml/plant) for a SAR positive control (one experiment only, Supplemental Figure 4), 2.5 mg/ml
SREs for the SAR test treatment. In this way, the 3rd leaf was treated while the 4th leaf was
enclosed in the sheath. At 4-leaf stage, the uninoculated control was treated with 0.2% gelatin.
The remaining plants were inoculated with 105 spores/ml in 0.2% gelatin. Disease reduction on
the 4th leaf after inoculation would indicate resistance transmitted systemically to the untreated
tissue. To verify effectiveness of SREs at preventing disease on locally-treated tissue, plants
were pre-treated with SREs (or jasmonic acid, Supplemental Figure 4) and inoculated at 4-leaf
stage. Disease was compared on 3rd (treated) and 4th (untreated) leaves to determine whether
SREs induced defense responses. Four SAR experiments with slightly different treatment and
replication structure were performed and each experiment’s parameters are defined in the
individual results, discussion, and figure captions below.
Data analysis
The threshold values used to measure lesion area in ASSESS registered minor leaf
imperfections on uninoculated controls as lesions, but there was no contamination of negative
controls with M. oryzae. Non-zero lesion area values for some negative controls are maintained
in the data for consistency. In one experiment (Figure 8, Experiment 1), fungus gnats in the
growth chamber produced damage to leaf tips that were incorrectly identified as lesions. This
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damage was measured separately with a unique lesion threshold (129/0, HSI mode) and
subtracted from the original lesion area. In all in planta experiment data, in order to produce
roughly normalized data distributions for analysis, percent disease (lesion area as percent of leaf
area) was subjected to a log transformation (preceded by addition of 0.001 to prevent errors in 0
values) and back-transformed to percent disease for discussion. The log of percent disease +
0.001 was compared among Treatment × Experiment combinations by Tukey’s HSD at α=0.05
using JMP Pro 15.
D. Results and Discussion
In vitro
Plate assays
Root extracts were tested for anti-fungal activity by applying aliquots to plates seeded
with M. oryzae spores and observing resulting mycelial growth 3 days later. Two separate
experiments were conducted. In Experiment 1, crude REs and SREs of M. truncatula, and
saponins of Quillaja inhibited mycelial growth of M. oryzae on plates in a dose-dependent
manner that varied significantly among treatments (Treatment × Concentration interaction effect:
P < 0.0001) (Figure 4A). A quadratic effect of Concentration was evaluated and was not
significant (P = 0.83), but quadratic lines of fit are presented in Figure 4 for consistency between
experiments. Crude REs of M. truncatula inhibited M. oryzae growth with increasing dose;
however, this was only due to an outlier at the 50 mg/ml level on one plate. SREs of M.
truncatula and Quillaja saponins produced greater zones of inhibition with increasing
concentrations, with greater inhibition per unit of concentration increase by Quillaja saponins as
compared to M. truncatula SREs in both Experiment 1 and 2.
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In Experiment 2 (Figure 4B), SREs of M. truncatula were compared with SREs of M.
sativa and saponins of Quillaja. There was, as in Experiment 1, a significant Treatment × Dose
interaction effect (P < 0.0001), but unlike Experiment 1 there was also a significant quadratic
effect of Concentration (P = 0.0003), indicating the inhibition of M. oryzae growth by the
extracts and saponins approached a plateau at a particular diameter on the plate, possibly due to
the limits on the extracts’ ability to physically permeate the culture. Quillaja saponin activity
exceeded M. truncatula SRE activity which exceeded M. sativa SRE activity, both in terms of
slopes of the zone of inhibition × extract concentration regression line and in overall mean
effects. These in vitro results initially lent credence to the hypothesis that M. truncatula extracts
would be more effective against M. oryzae than M. sativa due to the unique saponin profile of M.
truncatula ESP105. However, the in planta experiments described later showed no greater
effectiveness by M. truncatula SREs as compared to those of M. sativa. These effects on
mycelial growth demonstrate a general antifungal effect of plant saponins that may contribute to
the in planta results described later.
Because both Experiments 1 and 2 included M. truncatula SREs and Quillaja saponins, a
subset of the data from the 2 plate assays including only these treatments was analyzed for an
experiment interaction effect. There was a significant quadratic effect of Concentration, as in
Experiment 2, but there was no significant 3-way Experiment × Treatment × Concentration
interaction effect (P = 0.92), nor a significant interaction between Experiment and Treatment (P
= 0.57). After removal of these effects, there was a significant Experiment × Concentration
interaction (P = 0.002), with greater inhibition with increasing Concentration in Experiment 2 vs.
Experiment 1, irrespective of treatment. The lack of interaction effects between Experiment and
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Treatment, however, indicate at least partial consistency in SRE activity between repeated
experiments, which would be desirable in a biopesticide product.
Appressorium formation assay
Formation of an appressorium is essential for M. oryzae to infect rice. M. oryzae spores
were incubated overnight in root extract solutions and then observed by microscopy; spore
germination and appressorium formation were reduced with increasing extract concentrations,
with complete inhibition at 2.5 mg/ml (Figure 5). Three spore fates were observed after
incubation in SRE solutions: (1) failed to germinate, (2) germinated but failed to form an
appressorium, or (3) germinated and formed an appressorium (Figure 5). At concentrations
greater than 1.25 mg/ml, spores 100% failed to germinate. The combined percentages of spores
that formed appressoria and spores that germinated but did not form appressoria is predicted by a
bivariate fit (R2=0.87, P < 0.0001; Figure 6) with the following formula:
𝑒 −0.183+(−1.08×𝑟𝑜𝑜𝑡 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)
A similar bivariate fit of appressorium formation only produced a similar result (R2 =
0.85, P < 0.0001) but with a significant lack of fit (P < 0.0001). The effect of root extracts on M.
oryzae spores was better modeled by considering the combined spore fates of germination and
appressorium formation. Representative images displayed here (Figure 7) demonstrate how M.
oryzae spore germination and appressorium formation decline with increasing SRE
concentration. Germination tube length also appeared to decrease coincident with germination
rate as SRE concentration increases. Extracts tend to separate over time, resulting in lower image
clarity at higher concentrations. This direct inhibition of infection structure formation may
contribute to extract efficacy in planta.
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In planta
Crude vs. Saponin-enriched
Rice blast lesion area as percent of leaf area was negatively skewed in all in planta
experiments. The log of percent disease + 0.001 was evaluated for all treatments, but
transformed back to percent disease for discussion. M. oryzae Guy11 is virulent on CO39 and
produces very clear lesion symptoms without high overall disease levels, which aided visual
analysis. In two independent experiments, both crude REs and SREs of M. truncatula
significantly decreased percent disease in planta relative to inoculated controls (Figure 8), with
efficacy equal to or greater than the fungicide epoxiconazole. There was a significant Treatment
× Experiment interaction effect (P = 0.0024) due to the variation in percent disease measured in
the uninoculated control, despite the removal of the fungus gnat damage area on all leaves in
Experiment 1. There was no contamination on the uninoculated control, but other leaf
imperfections were registered as disease. Removal of the anomalous uninoculated control data
eliminated the interaction between Treatment and Experiment, and all treatments (epoxiconazole,
crude REs, and SREs) significantly reduced disease relative to the inoculated control.
In multiple additional experiments, SREs consistently reduced disease area relative to the
positive control, while crude REs produced inconsistent results (Supplemental Figure 2,
Supplemental Figure 3). In one experiment comparing defatted and non-defatted extracts, and in
all SAR experiments, SREs were used exclusively. This was advantageous in part because lower
concentrations could be used, and the extract itself was easier to quantify. Crude REs tended to
produce a sticky residue when dried under vacuum and could be difficult to mix.
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Medicago truncatula vs. Medicago sativa
We hypothesized that use of SREs from M. truncatula ESP105 would out-perform SREs
from M. sativa against rice blast due in part to the unique profile of saponins in the former. No
evidence gathered supports the hypothesis of higher M. truncatula SRE efficacy in planta,
however (Figure 9, Supplemental Figure 2). In two experiments, SREs of M. truncatula and M.
sativa equally reduced disease relative to the inoculated control, but were significantly outperformed by epoxiconazole. Percent disease in Experiment 2 was 1.19 percentage points higher
than in Experiment 1 (P < 0.0001), but there was no Treatment × Experiment interaction effect
(P = 0.44), indicating consistent treatment effectiveness regardless of individual experiment
disease level. Though SREs of M. truncatula more effectively inhibited M. oryzae growth in
vitro (Figure 4B), this difference did not persist in planta.
Defatted vs. Non-defatted
The protocol used to produce the extracts in all previously described in planta
experiments included a laborious and hazardous hexane defatting step. However, a batch of
extracts produced without defatting was shown to also be effective at reducing disease (data not
shown). To test for the necessity of defatting, roots from the same harvest of M. truncatula were
divided into two batches for production of defatted and non-defatted extracts. In two
experiments, non-defatted and defatted SREs of M. truncatula significantly reduced disease area
relative to the inoculated control (Figure 10), and were equivalent to epoxiconazole.
Percent disease in Experiment 2 was 0.96 percentage points lower than in Experiment 1
(P < 0.0001), but there was no Treatment × Experiment interaction effect (P = 0.12). This is
consistent with the results described above comparing SREs of M. truncatula and M. sativa, as
well as with the results comparing crude REs and SREs if the uninoculated control results were
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excluded due to the anomalous disease levels in Experiment 1. The consistent results between
repeated experiments emphasize that these extracts produce consistent treatment effects
regardless of individual experiment disease level. Non-defatted crude extracts of M. truncatula
did not reduce blast infection (Supplemental Figure 3). Removal of the defatting step streamlines
the extraction process and further enhances the potential for these extracts’ use in commercial
application.
Induced Plant Defenses
In previous experiments, plants were treated with root extracts or a control treatment and
inoculated at the 3-leaf stage. To test for induced resistance, plants were still treated at the 3-leaf
stage, but inoculated several days later when the 4th leaf had emerged. To test for local control
similar to previously described experiments, some plants were pre-treated and inoculated at the
4-leaf stage. (A jasmonic acid control was utilized in one experiment in accordance with
Schweizer et al. (1998), but it failed to produce an induced resistance response as expected
(Supplemental Figure 4).)
In Experiment 1 (Figure 11), there was a significant effect of Treatment and Leaf (3 or 4)
on disease levels (P < 0.0001), but there was no reduction in disease due to SRE treatment
relative to the inoculated control; there was no interaction effect between Treatment and Leaf (P
= 0.15) and it was excluded from the model. In Experiment 2 (Figure 11), there was a significant
interaction between Treatment and Leaf (P = 0.0001). Plants treated with SREs at either the 3leaf or 4-leaf stage before inoculation at 4-leaf stage had significantly less disease on the third
leaves relative to the inoculated control, indicating that in this experiment treatment with SREs
either 72 hours or 2 hours prior to inoculation was sufficient to protect the third leaf from
disease. However, there was no reduction in disease on Leaf 4 relative to the inoculated control
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due to SRE treatment at either 3-leaf or 4-leaf stage. There was no significant reduction in
disease with any treatment in a third experiment (Supplemental Figure 5).
These results suggest SREs of M. truncatula do not promote a systemic plant defense
response when applied as a foliar treatment. However, the high degree of variation makes these
results inconclusive, especially when there was no effect of SREs on treated leaves, conflicting
with virtually all prior experiments. In all assays of SAR, percent disease was significantly
greater on Leaf 3 than Leaf 4, likely because Leaf 3 was fully emerged at inoculation time and
Leaf 4 was often partially enclosed in the sheath and un-inoculated foliar tissue was present at
imaging time, increasing total leaf area. Furthermore, innate resistance increases with age of the
plant. Iwai et al. (2007) demonstrated induction of SAR in rice by the fungicide probenazole, but
only in young adult, 8-leaf stage plants, not in 4-leaf stage plants such as those inoculated in this
study.
E. Conclusions
Saponins have potential to suppress many fungal diseases in many crops. Hydroponic
production coupled with a high-saponin accessions of M. truncatula allows efficient production
of saponin-rich plant biomass that can be easily extracted with readily-accessible chemicals: no
hexane-based defatting step required. Crude extracts reduced rice blast disease symptoms
inconsistently among experiments. Furthermore, crude extracts showed little inhibitory effect on
M. oryzae in vitro, while SREs were very effective both in vitro and in planta, inhibiting
mycelial growth, spore germination and appressorium formation, and reducing foliar lesion area.
SREs also consistently reduced rice blast disease symptoms with statistically equivalent effect
sizes between repeated experiments, even as overall disease levels varied.
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Although M. truncatula SREs did not reduce rice blast disease symptoms more
effectively than M. sativa SREs, the higher saponin levels in the former may be more desirable
for the purpose of high-volume production. This research did not quantify saponins in either
Medicago species. Foliar application of SREs did not induce apparent systemic resistance, but
we cannot rule it out as a possibility given the poorly-understood nature of SAR in rice and the
significant variation in disease area due to uneven leaf emergence. SREs of M. truncatula
accession ESP105 consistently reduced rice blast disease symptoms throughout many repeated
experiments. The viability of commercial production requires further exploration. Producing
saponins from quinoa uses up a high-value food crop for plant disease protection. M. truncatula
may be efficiently produced in hydroponic growth media without sacrificing food crop acreage.
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G. Tables and Figures

Figure 1. (A) Medicago truncatula accession ESP105 and (B) Medicago sativa (alfalfa), 15 days
after transplanting seedlings from soil into hydroponic growth apparatus. Photos by Ken Korth.
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Figure 2. Appressorium formation assay protocol. Final concentrations indicated were produced
by mixing equal parts of double-strength solutions of spores (5 × 104 spores/ml) and saponinenriched root extracts (e.g. 2.5 mg/ml → 1.25 mg/ml → etc.). 350 µl of spore-extract solutions
were pipetted into each well in an 8-chamber microscope plate, covered, and held in darkness
overnight before imaging by brightfield microscopy on an inverted microscope.
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Figure 3. Inoculation protocol for in planta assays of saponin-enriched root extracts (SREs)
efficacy against infection by Magnaporthe oryzae. Pre-treatments of SREs (2.5 mg/ml), crude
root extracts (5 mg/ml), the fungicide epoxiconazole (50 µM), or 0.1% Tween (for negative and
positive controls) were applied by airbrush to 3-leaf stage CO39 rice plants and allowed to dry
before inoculation with a 1 × 105 spores/ml solution of M. oryzae strain Guy11 in 0.2% gelatin.
Negative control plants were sprayed with 0.2% gelatin. All plants were held in a dew chamber
for 48 hours then transferred to a greenhouse for the following 5 days before foliar lesion area
was evaluated 7 days post inoculation with APS Assess.
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Figure 4. In vitro assay of root extracts on plates of Magnaporthe oryzae. (A) Experiment 1:
Comparison of the effectiveness of saponin-enriched root extracts (SREs) of Medicago
truncatula accession ESP105 with crude root extracts (REs) of M. truncatula accession ESP105
and saponins of Quillaja saponaria (soapbark). (B) Experiment 2: Comparison of the
effectiveness of SREs of M. truncatula ESP105 and M. sativa with saponins of Q. saponaria. N
= 3 plates (Experiment 1) or 4 plates (Experiment 2). Zones of inhibition were measured 3 days
post inoculation with a digital caliper (1) or ImageJ (2). Inset R2 and P-values indicate overall
ANOVA fit including quadratic effect of Concentration and Treatment × Concentration
interaction effect.
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Figure 5. Proportion of Magnaporthe oryzae Guy11 spore fates after incubation in Medicago
truncatula saponin-enriched root extracts overnight. Results from one experiment, with N = 10
images taken per treatment. Each image contained 49 spores on average.

Figure 6. Bivariate fit of germinated Magnaporthe oryzae Guy11 spores with and without
appressoria (log transformation) with concentration of Medicago truncatula saponin-enriched
root extracts (SRE) concentration.

67

Figure 7. Representative images showing Magnaporthe oryzae Guy11 spore germination and
appressorium formation in Medicago truncatula ESP105 saponin-enriched root extracts (SREs)
of varying concentrations. Spores (conidia) are marked by yellow triangles, germ tubes are
marked by green stars, and appressoria are marked by red stars. Particulate matter in SREs
reduced clarity at high concentrations.
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Figure 8. Effects of crude and saponin-enriched root extracts (SREs) of Medicago truncatula
(Mt) on Magnaporthe oryzae foliar lesion area. Full factorial experimental design: 5 Treatments
× 2 Experiments; N = 24 plants per treatment. Letters indicate significant differences (Tukey’s
HSD, α = 0.05) among the logs of percent disease + 0.001 for each Treatment × Experiment
combination.
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Figure 9. Effects of saponin-enriched root extracts (SREs) of Medicago truncatula (Mt) and
Medicago sativa (Mt) on Magnaporthe oryzae foliar lesion area. Full factorial experimental
design: 5 Treatments × 2 Experiments; N = 16 plants per treatment per experiment. Letters
indicate significant differences (Tukey’s HSD, α = 0.05) among the logs of percent disease +
0.001 for each Treatment; there was no interaction effect between Treatment and Experiment.
Mean percent disease in Experiment 2 was 1.19 percentage points higher than in Experiment 1 (P
< 0.0001).
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Figure 10. Effects of non-defatted (NDF) and defatted (DF) saponin-enriched root extracts
(SREs) of Medicago truncatula (Mt) on Magnaporthe oryzae foliar lesion area. Full factorial
experimental design: 5 Treatments × 2 Experiments; N = 20 plants per treatment per experiment.
Letters indicate significant differences (Tukey’s HSD, α = 0.05) among the logs of percent
disease + 0.001 for each Treatment; there was no interaction effect between Treatment and
Experiment. Mean percent disease in Experiment 2 was 0.96 percentage points lower than in
Experiment 1 (P < 0.0001).
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Figure 11. Assay for induced resistance by saponin-enriched root extracts (SREs) of Medicago
truncatula (Mt) applied at 3-leaf stage 72 hours before inoculation, or at 4-leaf stage
approximately 2 hours before inoculation. Full factorial experimental design: 4 Treatments × 2
Experiments × 2 Leaves per plant; N = 21 plants per treatment per experiment. There was no
significant Treatment × Leaf × Experiment interaction effect; for presentation and discussion,
Experiments were analyzed independently. In Experiment 1, uppercase letters indicate
significant differences (Tukey’s HSD, α = 0.05) among the logs of percent disease + 0.001 for
each Treatment. There was no Treatment × Leaf interaction effect. In Experiment 2, lowercase
letters indicate significant differences (Tukey’s HSD, α = 0.05) among the logs of percent
disease + 0.001 for each Treatment × Leaf combination.
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Supplemental Figure 1. Magnaporthe oryzae culture plate images from in vitro assay of
Medicago truncatula and Medicago sativa (alfalfa) saponin-enriched root extracts and Quillaja
saponaria saponins. See Figure 4B for zones of inhibition plotted against concentration (mg/ml)
and corresponding lines of fit.
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Supplemental Figure 2. Effects of saponin-enriched root extracts (SREs) of Medicago truncatula
(Mt) and Medicago sativa (Mt) on Magnaporthe oryzae foliar lesion area. Includes crude data
excluded from Figure 9 above. Full factorial experimental design: 7 Treatments × 2
Experiments; N = 16 plants per treatment per experiment. Letters indicate significant differences
(Tukey’s HSD, α = 0.05) among the logs of percent disease + 0.001 for each Treatment ×
Experiment combination.
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Supplemental Figure 3. Effects of non-defatted and defatted saponin-enriched root extracts
(SREs) of Medicago truncatula (Mt) on Magnaporthe oryzae foliar lesion area. Includes crude
data from Experiment 1 and all data from Experiment 3 excluded from Figure 10 above. Full
factorial experimental design for Experiments 1 and 3: 7 Treatments × 2 Experiments; N = 20
plants per treatment per experiment. Design for Experiment 2: 5 Treatments; N = 20 plants per
treatment.
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Supplemental Figure 4. Assay for induced resistance by jasmonic acid (JA) and saponin-enriched
root extracts (SREs) of Medicago truncatula (Mt) applied at 3-leaf stage 72 hours before
inoculation or at 4-leaf stage approximately 2 hours before inoculation. Full factorial
experimental design: 6 Treatments × 2 Leaves per plant; N = 12 plants per treatment. Letters
indicate significant differences (Tukey’s HSD, α = 0.05) among the logs of percent disease +
0.001 for each Treatment × Leaf combination.
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Supplemental Figure 5. Assay for induced resistance by saponin-enriched root extracts (SREs) of
Medicago truncatula (Mt) applied at 3-leaf stage 72 hours before inoculation or at 4-leaf stage
approximately 2 hours before inoculation. Full factorial experimental design: 4 Treatments × 2
Leaves per plant; N = 18 plants per treatment. Letters indicate significant differences (Tukey’s
HSD, α = 0.05) among the logs of percent disease + 0.001 for each Treatment × Leaf
combination.
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3. CRISPR-mediated gene editing of lipase and lipoxygenase enzymes in rice (Oryza
sativa) reduces free fatty acid formation and affects seed longevity during storage
A. Abstract
Oxidation of free fatty acids in the bran layer of rice (Oryza sativa) reduces the shelf life
of brown rice products, diminishing their value to processors and consumers. Lipase enzymes
release free fatty acids (FFAs) from larger lipid molecules; lipoxygenases act on FFAs to
produce hydroperoxides, which are in turn converted to rancid odor molecules. Lipoxygenase-3
(LOX3) and a novel rice lipase (L2) were individually and simultaneously targeted for mutation
by CRISPR at two loci per gene in the rice cultivar Nipponbare. No single-knockout lines of
LOX3 in Nipponbare produced seed. Productive Cas9-free progeny with homozygous mutations
in L2, or both LOX3 and L2, were selected for analysis. Grain from wild-type and L2- and
LOX3L2-edited lines were harvested at maturity, dried, and stored as brown rice for lipid assays,
or as whole rough rice for germination assays, under accelerated aging conditions (37°C, 70%
relative humidity) for 30 days, with samples analyzed at 0, 1, 2, 3, 5, 10, 20, and 30 days.
Accumulation of FFAs during storage was reduced in gene-edited lines, but no decrease in
hydroperoxide content was observed. Total lipid content was significantly reduced in the L2edited brown rice as compared to the wild-type and LOX3L2-edited grain. In addition, the L2edited rough rice germinated at a significantly lower rate from day 1, and its germination rate
declined more rapidly during storage. The multiplexed gene editing approach utilized here
produced efficient functional knockout of several genes simultaneously. The simultaneous
knockout of LOX3 and L2 reduced lipid breakdown in brown rice and improved seed longevity
of rough rice. These results bode well for a multi-gene approach to improving brown rice
storability while maintaining agronomic quality.
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B. Introduction
Brown rice shelf life
Nutrients and sensory properties of brown rice
The United States Department of Agriculture recommends that whole grains comprise
half of all grain servings in a healthy diet (USDA, 2020). The bran layer of brown rice and other
whole grains contains beneficial unsaturated fats, fiber, and nutrients that white rice and other
milled grain products generally lack. Brown rice is also rich in volatile compounds reminiscent
of fruits, vanilla, and caramel, but these aromas are rarely enjoyed, as they are short-lived and/or
overshadowed by rancid odors formed by oxidation of fats during storage (Champagne, 2008;
McGee, 2020a). After dehulling, brown rice has a shelf life of approximately 3-6 months, while
white rice, which is milled to remove the majority of the bran layer—and thus most of the fiber
and micronutrients—can stay fresh indefinitely (Venkitasamy and Pan, 2017). Rice bran is
especially unstable, and despite its potential value for rice bran oil and natural antioxidants, the
vast majority is fed to animals or wasted (Zeng et al., 2012). Consumption of rancid brown rice
does not present direct health risks, but rancid odors negatively affect the sensory experience of
eating whole grain foods. Producing rice with a longer shelf life may entice health-conscious
consumers to incorporate more brown rice in their diets.
Composition and breakdown of rice bran lipids
The outer bran layer comprises roughly 7% of a brown rice kernel (Chen et al., 1998).
Approximately 20% of the bran is composed of lipid, 44% and 28% of which are triacylglycerols
and free fatty acids (FFAs), respectively (Glushenkova et al., 1998; Goffman et al., 2003).
Brown rice is removed from its hull by rubber roll huskers that create small abrasions in the bran
surface; these minor wounds initiate lipid oxidation by exposing dormant enzymes to the
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compartmentalized oil (Atungulu and Pan, 2014; Champagne, 2004). These enzymes include
lipases and lipoxygenases, which break down complex lipids into precursors for rancid odor
volatiles. Lipases liberate FFAs from acylglycerols. Lipoxygenases convert FFAs to
hydroperoxides, which further react with enzymes such as hydroperoxide lyases to produce
molecules with stale and/or rancid odors. Lipid oxidation also occurs during seed germination,
reducing germination rates.
Lipid oxidation therefore presents a substantial quality issue for growers, processors, and
consumers of brown rice. Post-harvest processing methods for stabilization of the lipids in rice
bran include heating or chemical treatments to deactivate oxidative enzymes or incorporation of
antioxidant additives in food products (Champagne and Hron, 1994; da Silva et al., 2006;
Lakkakula et al., 2004; Maisuthisakul et al., 2007; Siriamornpun et al., 2016; Wang et al., 2017).
Rice bran oil, a valuable byproduct of rice processing, is extracted from rice bran produced by
milling white rice, but the bran must be quickly heat-stabilized to deactivate oxidation enzymes
before extraction. Stabilized rice bran may be mixed with white rice flour in the original
proportions of 7% bran to 93% endosperm to produce stable brown rice flour (Riceland Foods,
personal communication). The need for post-harvest processing could be reduced by using gene
editing to selectively mutate one or several lipid oxidation enzymes to decrease the potential for
post-harvest production of off flavors in seed, brown rice, and bran, ultimately reducing
processing energy use and food waste.
CRISPR/Cas9 gene editing
CRISPR/Cas9 gene editing is a new breeding technique ideal for generating highly
specific gene modifications, with potential to improve food qualities desired by consumers, such
as shelf life and nutrition. CRISPR (clustered regularly interspaced palindromic repeat) gene
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editing functions by transiently or transgenically introducing two components, a guide RNA
(gRNA); and a DNA-cleaving enzyme, typically Cas9 (CRISPR-associated nuclease 9), into the
system of interest (Jinek et al., 2012). The gRNA is custom-fitted with a 20-nucleotide
protospacer sequence homologous to a target sequence in the gene of interest; this target must be
immediately upstream (in the 5’ direction) of a protospacer-adjacent motif (PAM) with sequence
NGG. When expressed, the Cas9 enzyme and gRNA work together to unwind and scan the
DNA, until the complex lands on the homologous region and induces a double-stranded break
three base pairs upstream of the PAM (Garneau et al., 2010). The cell attempts to repair the
break either by non-homologous end joining (NHEJ) or homology-directed repair (HDR) if
appropriate template is available. Among cereal crops, rice is very amenable to CRISPR gene
editing (Mishra et al., 2018). In rice, NHEJ repair is more common than HDR, but NHEJ is very
error prone, resulting in small deletions or insertions that may ultimately alter gene sequence and
resulting function (Li et al., 2016). This research utilizes CRISPR in rice to induce mutations
through the NHEJ pathway in order to knock out genes that promote rancidity in brown rice.
The transgenic components of the CRISPR/Cas9 editing system can be bred out in
successive generations, leaving only the mutations as evidence of the editing process; this is in
contrast to traditional GM technology where presence and expression of the transgene is
essential for the desired trait. Despite skepticism of gene editing by many Americans (Dewey,
2017), most U.S. consumers surveyed by Shew et al. (2018) indicated willingness to consume
both CRISPR and traditional genetically-modified (GM) herbicide-resistant rice, with greater
willingness to consume CRISPR-edited rice than GM rice.
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Lipid breakdown enzyme targets
Lipase
Lipase enzymes hydrolyze lipids by breaking individual FFAs away from tri- and diacylglycerol molecules. Lipases in rough rice kernels are sequestered in the testa layer of the
bran, beneath the aleurone layer which, along with the germ at the base of the kernel, contains
the oil fraction of the whole grain (Champagne, 1994). Tiwari et al. (2016) analyzed 125
potential rice lipase genes and identified L1 (LOC_Os01g71010) and L2 (LOC_Os11g43510) as
highly expressed in rice bran and developing seed. Though L1 transcript levels in bran
significantly exceeded L2 levels, L1 was also highly expressed in roots. L2 therefore stood out as
a potential target for reducing bran lipid hydrolysis without affecting physiological processes in
other tissues such as the roots.
Lipoxygenase 3
Rice lipoxygenases act on FFAs to form hydroperoxides, precursor molecules for the
rancid odor molecules, primarily long-chain aldehydes, that degrade brown rice quality.
Lipoxygenases serve many important physiological functions, such as mediating stress response,
responding to wounding, and contributing to growth and development, among other roles
(Viswanath et al., 2020; Wang et al., 2008). Three lipoxygenases, LOX1 (LOC_Os03g49380),
LOX2 (LOC_Os03g52860), and LOX3 (LOC_Os03g49350), have been identified as having
specific roles in rice seed longevity. Overexpression of LOX2 and LOX3 decreases rice seed
germination rates after storage (Huang et al., 2014; Long et al., 2013). Silencing of LOX3 by
RNA interference (RNAi) or knockout by transcription activator-like effector nucleases
(TALENs) gene editing increases seed longevity (Bai et al., 2015; Gayen et al., 2014; Ma et al.,
2015; Xu et al., 2015). Repression of LOX3 expression by RNAi also partially represses
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expression of LOX2 and especially LOX1 (Xu et al., 2015). TALEN-induced mutagenesis of
LOX3, however, did not affect LOX2 expression, but lead to an up-regulation of LOX1; increased
expression of LOX1 did not counteract the increase in seed longevity caused by LOX3 mutation
(Ma et al., 2015). LOX3 was thus selected in addition to lipase L2 as a target for improving
brown rice storage life.
Gene editing lipid pathway enzymes
No published research to date has demonstrated either mutagenesis of LOX3 with
CRISPR, or silencing or mutation of L2 with any technique. Furthermore, existing research on
LOX3 focused on the effects of silencing or mutation on seed germination. Ma et al. (2015)
measured the effect of mutating LOX3 on lipid peroxidation and did not report a significant
reduction. However, the absence of LOX3 in the Daw Dam variety of rice is associated with
reduced volatile compounds associated with stale flavor (Shirasawa et al., 2008; Suzuki et al.,
1999, 1996).
Mutating multiple LOX enzymes could potentially impact stress response. Selectively
mutating L2 and LOX3, both individually and simultaneously, may contribute to reducing lipid
oxidation in the bran layer without otherwise impacting plant physiology. CRISPR is ideal for
multiplexed editing of several genes simultaneously, as many gRNAs can be designed and
stacked within a single transformation vector. Targeting multiple genes in a single
transformation experiment allows exploration of potential synergistic effects of LOX3 and L2
mutations. Both seed longevity and lipid oxidation in brown rice and rice bran were analyzed in
CRISPR/Cas9 edited lines produced in this research.
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C. Materials and Methods
Tissue culture and transformation
Construct design and assembly
A CRISPR/Cas9 vector called pRGE32, designed by Yinong Yang and obtained from
Addgene (Plasmid #63159), was used to create multiplexed vectors for delivery of Cas9 and at
least 2 gRNAs per target to rice cells (Xie et al., 2015). The plasmid pGTR (Addgene Plasmid
#63143), also provided by Yinong Yang, was used as the PCR template for creating
polycistronic tRNA-gRNA (PTGs) for cloning into pRGE32. For each gene target, sequences
were obtained from the Nation Center for Biotechnology Institute’s Basic Local Alignment
Search Tool (NCBI BLAST; blast.ncbi.nlm.nih.gov/Blast.cgi). To induce mutations that would
result in a functional knockout of the gene of interest, protospacers were selected within the first
or second exon of the gene. The CRISPR-PLANT tool provided by the University of Arizona
Genomics Institute (genome.arizona.edu/crispr/) was used to find and select 20-nucleotides
protospacers to minimize the potential for off-target effects (Supplemental Table 1). Potential
off-targets were identified by searching for the protospacer and PAM sequence in GGGenome
(https://gggenome.dbcls.jp/) with a maximum number of 4 mismatches; the off-target sites
identified were consistent with CRISPR-PLANT results, containing at least 3 and usually 4
mismatches (Supplemental Table 2).
Primers were designed and 2 PTGs assembled according to the protocol of Xie et al.
(2015) (Table 1). PTG 1 contained gRNAs 1 and 2 for targeting LOX3; PTG 1 contained gRNAs
3 and 4 for targeting L2. After Golden Gate assembly of PTGs in pRGE32, the vectors were
cloned into chemically competent DH5a Escherichia coli (Invitrogen), plasmid from 3-6 clones
were purified (BioBasic EZ-10 Spin Column Plasmid DNA Miniprep Kit) and the assembled
84

PTG region was sequenced (Eurofins Genomics) (Supplemental Table 4). Clones containing
plasmid with the intended sequences were stored in a 50% glycerol solution at -80°C for longterm storage. Each CRISPR construct was purified (QIAGEN Plasmid Midi Kit) and adjusted to
1 µg/µl concentrations in TE buffer for transformation.
Tissue culture
The standard model japonica cultivar Nipponbare was utilized for all gene editing
experiments and transformed according to the method described in Nishimura et al. (2006).
Briefly, seeds were dehulled and surface-sterilized by shaking in 70% ethanol for 30 seconds,
followed by 10% standard commercial bleach with SDS for 30 minutes, then rinsed 5 times with
sterile water and plated on 2N6D media for callus induction (2N6D media: 3.98 g CHU N6 basal
salts, 0.01 g myo-inositol, 0.3 g casamino acids, 2.9 g proline, 200 µl 10 mg/ml 2,4-D, 30 g
sucrose, 10 ml 100× N6 vitamin solution, 3 g Phytagel in 1 L distilled water, pH 5.8). After 30
days, embryogenic calli were separated from the seeds and plated on high osmotic bombardment
media for transformation (bombardment media: 4 g CHU N6 basal salts, 0.1 g myo-inositol, 1 g
casamino acids, 30 g sucrose, 63 g sorbitol, 200 µl 10 mg/ml 2,4-D, 10 ml 100× N6 vitamin
solution, 2 g Phytagel in 1 L distilled water, pH 5.8). Calli were allowed to rest on bombardment
media for 2-4 hours prior to transformation.
Biolistic bombardment
Stable gene-edited rice transformants were generated by the biolistic method (Shan et al.,
2014). Two or three plasmids were co-bombarded into rice callus cells: pHPT for selection of
positive transformants by hygromycin resistance, and pRGE32 containing the relevant PTGs for
multiplexed CRISPR gene editing. For targeting LOX3 and L2 simultaneously calli were cobombarded with pHPT, pRGE32-PTG 1, and pRGE32-PTG 2. To prepare vectors for biolistic
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bombardment of 10 plates of embryogenic callus, 50 µl of a 60 mg/ml suspension of 1-micron
gold particles were placed in a tube with 10 µg (10 µl of 1 µg/µl plasmid suspension in TE
buffer) of vector DNA. After mixing the gold suspension and DNA, 50 µl of 2.5 M CaCl2 and 20
µl of 0.1 M spermidine were added, and the solution was immediately vortexed for 3 minutes.
After a brief, high-speed centrifuge, the supernatant was removed, and the plasmid-coated gold
particles were washed in 200 µl of pure ethanol. After vortexing, centrifuging, and removing
supernatant again, the particles were resuspended in 140 µl of pure ethanol. Ten µl of suspension
were applied to each macrocarrier; some ethanol evaporated during pipetting.
Following biolistic bombardment, calli were placed in the dark overnight, transferred to
non-selective 2N6D the following day, then held for one week in the dark. After one week, calli
were transferred to 2N6D with 50 µg/ml hygromycin and maintained in the dark for primary
selection. Calli were checked periodically, approximately every 1-2 weeks, for transformation
events under a stereoscope. Positive events were transferred to fresh selection media for
secondary selection.
Regeneration
Transformation events that proliferated on secondary selection were transferred to
regeneration media containing Murashige and Skoog (MS) salts (MS-NK: 4.3 g MS salts, 1 ml
1000× MS-vitamins, 0.1 g myo-inositol, 2 g casamino acids, 30 g maltose, 30 g sorbitol, 2 ml 1
mg/ml kinetin, 200 µl 1 mg/ml NAA, 1 ml 50 mg/ml hygromycin, 4 g Phytagel in 1 L distilled
water, pH 5.8) and numbered sequentially. Transformation events on MS-NK media were
maintained in a growth chamber, and checked periodically for evidence of shooting. Plants with
shoots were transferred to rooting media (MS-HF: 4.6 g MS salts, 10 ml 100× MS-vitamins, 0.1
g myo-inositol, 30 g sucrose, 1 ml 50 mg/ml hygromycin, 3 g Phytagel in 1 L distilled water, pH
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5.8), prepared according to Nishimura et al. (2006), on plates or in tubes. Plants with healthy root
growth were transferred to soil in a containment growth chamber (13 hours light/11 hours dark;
nighttime/daytime air temperature 24°C/28°C) or a greenhouse (summer: 93°C/max, 70°C/min;
78°C/average; spring and fall: 85°C/max, 65°C/min, 75°C/average). These plants were
designated T0 and numbered sequentially for screening.
Screening T0 lines
Regenerated T0 plants were screened for the presence of Cas9 by PCR (Forward primer:
TTCGACCAGAGCAAGAACGG; Reverse primer: TTTCACTTTGGTCAGCTCGT) to
confirm successful integration of the transgenic construct, as well as for the presence of
mutations at the target areas. Due to the large number of plants generated, a rapid one-step
extraction protocol was used to produce genomic DNA for a template. A small clipping of leaf
tissue was placed in a PCR tube with sufficient extraction solution (Epicentre™ QuickExtract™
Plant DNA Extraction Solution) to cover, approximately 100 µl, then heated in a thermocyler at
98°C for 5 minutes. Alternatively, Edwards Solution (Edwards et al., 1991) (200 mM Tris-HCl
pH 7.5, 250 mM NaCl, 25 mM EDTA, and 0.5% SDS) was diluted 10-fold with TE Buffer (10
mM Tris-HCl, pH 8.0 and 1 mM EDTA) and a 200-µl aliquot used to grind leaf samples in 1.5ml tubes with sterile plastic pestles. The tissue residue was removed by centrifuging the tube at
14,000 rpm for 5 minutes and pipetting the supernatant into a PCR tube to be used as template
after dilution to 10% with sterile water.
To obtain a specific and pure product, nested PCR was used for amplifying the target
regions prior to sequencing. A 1000-bp segment encompassing the target region was first
amplified by PCR; the 1000-bp product was used as template for a 400-bp segment for
sequencing (). For simple mutations, target regions can be amplified by PCR and then sequenced
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directly (Supplemental Table 4). The presence of overlapping nucleotides in a Sanger sequencing
trace indicate differing alleles in the sequenced sample. Overlapping sequences were decoded by
the CRISP-ID utility (http://crispid.gbiomed.kuleuven.be/) to determine the sequences of
heterozygous or complex multiple mutations. This mutation screening process was repeated for
the progeny (T1) of original regenerants (T0) in order to identify and select homozygous geneedited lines for seed production and post-harvest quality analysis.
Evaluating post-harvest quality
Storage
Seeds were subject to an artificial aging treatment to approximate the months in storage
that produce rancid odors in brown rice. Approximately 100 seeds (~2 g) of rough rice and 5-6 g
of brown rice per replicate were stored in paper envelopes in a controlled-environment chamber
(Platinous Sterling Series, ESPEC North America) at 37°C and 70% humidity for 0-30 days;
lipase activity is optimized in rice at 37°C and high humidity (Aizono et al., 1973; Lam et al.,
2001; Laning, 1991). Samples were taken at irregular intervals—0, 1, 2, 3, 5, 10, 20, and 30
days—to capture dynamic lipid fluctuations during early days of storage. After setting aside 12
kernels of brown rice per sample for KI-I2 starch staining for lipoygenase activity, the remainder
was processed into flour in a sample mill (Udy Cyclone Sample Mill), sealed in 50-ml Falcon
tubes, and maintained on dry ice before storage at -80°C to prevent lipid hydrolysis before
analysis was completed, typically within 1 day of but up to 10 days after grinding (Malekian et
al., 2000; Ramezanzadeh et al., 1999).
Total lipid content
The complex fat molecules in brown rice are broken into FFAs by lipases such as L2. To
quantify the FFAs produced in grain of gene-edited lines, the total lipid content of stored brown
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rice was first determined as described by Lam and Proctor (2001), and Walde and Nastruzzi
(1991). To extract lipids, approximately 5 g of flour was vortexed for 2 minutes in 2.5 ml of
isopropanol. This vortexing step was repeated with an additional 2.5 ml isopropanol before
removing flour residue by vacuum filtration through a 0.45-µm membrane (EZFlow® Membrane
Disc Filter, Nylon,). The isopropanol was evaporated from the solvent by heating in a preweighed 10-ml beaker on a hotplate. The resulting lipid extract was weighed and reported as
total lipid content in mg per g brown rice flour.
Free fatty acid content
Knockout of L2 was hypothesized to decrease lipase activity and thereby reduce lipid
breakdown into FFAs during storage. To determine FFA content by spectrophotometry, 3 µl of
the lipid extract were pipetted into a clear 96-well microplate, followed by 200 µl of an assay
solution immediately before spectrophotometry. The assay solution, developed by Walde and
Nastruzzi (1990; 1991) contains 0.375 ml solution A (0.1 M Tris/HCl, pH 9.), 0.125 ml solution
B (2 mM phenol red in 0.1 M Tris/HCl, pH 9.0), and 50 ml solution C (50 mM Bis (2ethylhexyl) sodium sulfosuccinate in isooctane, and is highly sensitive to small quantities of
FFAs. The lipid extract and assay solution were shaken together for 1 minute in a microplate
reader (Bio-Tek Synergy HT) then the samples’ absorbances were measured at 560 and 430 nm.
Conjugated diene formation
Following release of FFAs by lipases, lipoxygenases such as LOX3 convert these smaller
lipid molecules into hydroperoxides. These hydroperoxides are then targeted by other enzymes,
including hydroperoxide lyase, which forms the long-chain aldehydes associated with rancid
odors (Malekian et al., 2000; McGee, 2020b). Conjugated diene (CD) hydroperoxide content was
measured in isopropanol-extracted brown rice lipids from stored grain by spectrophotometry and
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used as an indicator of lipid oxidation (Lam et al., 2001; Nnanna et al., 1994). Five µl of a 10%
dilution of the previously-prepared total lipid extract were mixed with 1 ml isopropanol in a 1.5ml semi-micro cuvette appropriate for UV spectrophotometry. The absorbance of this solution at
232 nm was read and converted to CD concentration—reported as nmols CD per 100 g brown
rice—with the molar extinction coefficient of 2.32 × 104 (Nnanna et al., 1994). CD content in µg
per 100 g brown rice was estimated using the molecular weight of 9-HpODE and/or 13-HpODE
(312.4 g/mol), the CD/hydroperoxide products produced by oxidation of linoleic acid by
lipoxygenase.
Lipase and lipoxygenase activity
Lipase activity was directly measured spectrophotometrically in accordance with
Champagne and Hron (1994) by creating an enzyme solution by vortexing 100 mg of brown rice
flour with 20 ml of 0.2 M Tris-HCl buffer (pH. 7.6) in a 50-ml Falcon tube for 1 minute, then
transferring 150 µl to the well of a microplate compatible with fluorescence assays. Immediately
before reading, 2.5 µl of 0.01 M fluorescin dibutyrate in 2-methoxyethanol were added to the
plate well without stirring. The fluorescence values for emission at 520 nm resulting from
excitation at 490 nm were recorded at 10-second intervals for 5 minutes. Two reads were
measured per sample alongside a duplicate blank of 0.2 M Tris-HCl buffer. Lipase catalyzes the
hydrolysis of fluorescein dibutyrate into nonfluorescent butyrate and fluorescent fluorescein.
After removal of brown rice samples from storage, 12 brown rice seeds were set aside in
1.5-ml microcentrifuge tubes for potassium iodide (KI-I2) starch staining to assay lipoxygenase
activity (Long et al., 2013; Ma et al., 2015; Ramezanzadeh et al., 1999; Xu et al., 2015). Twelve
brown rice seeds were ground in a 1.5-ml microcentrifuge tube with a pestle then vortexed with
0.5 ml of 0.2 M borate/boric acid buffer. After 1 hour of incubation at room temperature, 0.5 ml
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of 0.16 mM linoleic acid (diluted in the borate/boric acid buffer) was added to the tube and
incubated for 10 minutes, followed by addition of 100 µl of KI solution (5 parts saturated
potassium iodide in water with 95 parts 15% glacial acetic acid) and 100 µl of 1% starch
dissolved in borate/boric acid buffer. The tubes were held in the dark at room temperature for 12
hours for development. A purple/red color indicates LOX3 expression, and results from starch
complexing with I2 produced by oxidation of I- under acidic conditions resulting from the
oxidation of linoleic acid to 9-HPOD8 by LOX3; in the absence of functional LOX3, no 9-HPOD
and thus no I2 is produced, resulting in a colorless or pale purple solution.
Seed longevity
Rough rice samples were subject to germination assays at each storage point. Reduced
lipid oxidation during storage is known to promote retention of high seed germination rates. Seed
germination rate was therefore measured after each storage duration (Ma et al., 2015). Each 100seed (~2 g) rough rice sample was distributed on 3 layers of filter paper in a Petri dish and
covered with enough water to lightly immerse seeds (~12 ml), which were then incubated at
37°C for 2 days. Water was replaced as needed. After 2 days the Petri dishes were moved to a
growth chamber at 30°C with a 12-hour light/12-hour dark cycle and watered as needed.
Germinate rate as a percentage of the 100 seeds was measured after 7 days.
Statistical analysis
All statistical analyses were performed with JMP Pro 15 (SAS) with genotype and
storage time as the independent factors and six dependent factors: total lipid, FFA, and CD
contents; lipase activity; lipoxygenase activity by potassium iodide assay; and germination rate.
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9(S)-Hydroperoxy-10(E),12(Z)-octadecadienoic acid
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There were three replicate samples for each genotype × storage duration combination.
Spectrophotometric measurements were measured in duplicate on each replicate sample and
averaged.
D. Results and Discussion
Transformation
CRISPR gene editing produced mutations at all four target sites, but failure to set seed
limited which lines could move forward to grain production. Overall gRNA efficiency was not
determined, as not all transformation events were screened for mutations, and most infertile
plants were culled before screening. Multiple single-knockout (LOX3 or L2 edited alone) and
double-knockout (LOX3 and L2 both edited) plants were identified at the T0 stage, but no singleknockout LOX3 plants produced seed for propagation (Table 2 and Table 3). In each gene editing
experiment, multiple plants were regenerated from individual transformation events. All plants
from a single event screened for mutations at the target sites were found to contain identical
mutations.
Due to the need for significant quantities of grain for food quality analysis, the seed from
progeny of single events with identical homozygous mutations was pooled. Edits were identified
by sequencing a 400-base pair region surrounding the target areas (Supplemental Table 3,
Supplemental Table 4). Overlapping sequencing traces from heterozygous lines were decoded by
CRISP-ID to determine individual allele sequences (Supplemental Figure 1–4) (Dehairs et al.,
2016). Edited lines were screened for Cas9 and select Cas9-free lines with homozygous
mutations and good seed set were carried forward into bulk grain production (Supplemental
Figure 5, Supplemental Figure 6). The specific mutations and their predicted effects on gene
transcription and translation of a few productive lines are described below.
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Gene editing
Mutations in LOX3L2-edited lines
The LOX3L2 double-knockout line selected for grain analysis (designated LOX3L2_4)
contained mutations in the target sites of gRNAs 2, 3, and 4 (Table 2). Though other events
produced mutations in all four target sites, the homozygous mutations at both gRNA3 and
gRNA4 made possible the selection of multiple fully homozygous plants in the T1 generation for
bulk grain production. A heterozygous 1-bp insertion of either an A or T residue was identified
at the gRNA2 target site of LOX3, effecting a premature stop codon at amino acid position 249 in
exon 4. Homozygous mutations at gRNA3 and gRNA4 sites in L2 effected an initial frameshift
due to a 41-bp deletion encompassing the start codon in exon 1, followed by a premature stop at
position 42. premature stop at position 50. Seed from the T2 progeny of 3 T1 LOX3L2_4 plants (4
T1-1_47, 4 T1-3_21, and 4 T1-3_29) with identical mutations was pooled to produce sufficient
grain mass for storage and quality analysis.
The mutation in event LOX3L2_37 (Table 2) at the gRNA1 target site in one allele
resulted in a premature stop at position 266 due to a 20-bp deletion in 37 T0-1 and -2 This
mutation was homozygous in 37 T1-1_13; the second allele was wild-type. The homozygous 4bp deletion at the gRNA2 target site produced a frameshift in the absence of the gRNA1
mutation. Biallelic, heterozygous mutations in both the gRNA3 and gRNA4 sites at T0
segregated in 37 T1-1_1 to a homozygous 1-bp insertion and 9-bp deletion resulting in a 1 amino
acid change (K→N) and a 3-amino acid deletion (-HSD) in exon 2, while 37 T1-1_13 contained
a 24-bp deletion immediately upstream of exon 1 that may impact transcription in addition to a
3-bp deletion at the gRNA4 site removing a single amino acid residue (-S). An insufficient
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quantity of seed was produced from this line for grain analysis but was retained for future
research.
Mutations in LOX3-edited lines
Plants regenerated from LOX3 single-edited events (Table 3) were infertile, but contained
mutations resulting in a single amino acid deletion due to a 3-bp deletion in 15 T0-1 allele 1 and
24 T0-1 allele 1, a premature stop at position 80 due to a 4-bp deletion in 15 T0-1 allele 2, and a
premature stop at position 249 due to a homozygous 1-bp insertion in 21 T0-1 or a 1-bp insertion
in 24 T0-1 allele 2. Given the success of editing both LOX3 and L2 simultaneously and previous
research demonstrating editing or silencing of LOX3 with subsequent seed production, it was not
expected that mutations in LOX3 caused the lack of fertility.
Mutations in L2-edited lines
T0 plants from line L2_1 were screened for mutations in gRNA3 and gRNA4 and found
to be wild-type (Table 3). Three Cas9-free plants regenerated from event 1 were selected to
provide a wild-type control that had been subjected to tissue culture and transformation
processes. The pooled seed from the T1 and T2 progeny of T0 plants 2, 19, and 21 were pooled
for grain analysis and designated WT_TC (Supplemental Figure 7).
Event L2_4 (Table 3) contained homozygous mutations in both the gRNA3 and gRNA4
target regions: a 136-bp insertion at the Cas9 cut-site in the gRNA3 target region, and a 13-bp
deletion in the gRNA4 target. The insertion at the gRNA3 site was identified via BLAST as
homologous to the ubiquitin promoter in the pRGE32 vector used for transformation. The
gRNA3 cut site is 8-bp upstream of the L2 start codon. Such a large insertion may therefore
impact transcription; if not, the deletion at gRNA4 nevertheless effects a premature stop codon at
position 72 in L2 exon 3. This line was omitted from propagation for analysis due to the
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insertion’s homology to a vector component; fully non-transgenic lines were desired for this
study.
Event L2_8 (Table 3) contained 2 homozygous mutations at gRNA3: a 3-bp deletion and
a G to T substitution; and a heterozygous mutation at gRNA4: a 1-bp deletion on one allele
(effecting a premature stop at position 51 in exon 2) and a 17-bp deletion on the other (effective
a premature stop at position 76 in exon 3). Plants from line L2_8 displayed vigorous growth and
good seed set. Plant 8 T1-1_16 was Cas9-negative and homozygous for the 17-bp deletion and its
progeny were carried into T2 and T3 generations for grain propagation. (For simplicity, this line
is designated L2_8 in the following grain quality results.)
Lipid hydrolysis and oxidation
Total lipid content was significantly reduced in line L2_8 (15.2 mg/g brown rice)
compared to the two wild-type lines (17.7 and 17.4 mg/g for WT and WT_TC, respectively) and
line LOX3L2_4 (17.3 mg/g) (Figure 2). This result ran contrary to expectations that editing a
seed lipase would, if anything, increase oil accumulation, especially given that L2 has a high
affinity for TAGs containing oleic and linoleic acid, which comprise 73% of rice fatty acids
overall (Kim et al., 2014; Tiwari et al., 2016; Zaplin et al., 2013). Lipid content varied little with
storage duration; although there were statistically significant linear and quadratic effects (P <
0.0001) of storage time on lipid content, lipid content only increased by an average of 0.04 mg/g
per day across genotypes in a linear model (Supplemental Figure 8). There was also no
significant interaction effect between genotype and storage duration. Changes in lipid profile are
expected during storage, but small changes in total lipid mass may not be practically significant
or attributable to storage alone.
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FFA content fluctuated significantly during the early days of storage, but from days 10
through 30 increased steadily by 0.8 (WT), 0.4 (WT_TC), 0.2 (L2_8), or 0.3 (LOX3L2_4)
adjusted absorbance units over each 10-day interval (Figure 3A). (FFA could not be reported in
oleic acid equivalents due to a poor standard curve. Relative FFA content is reported in terms of
absorbance at 430 nm divided by percent lipid to estimate absolute FFA in each sample.) There
was no significant difference between L2_8 or LOX3L2_4 at days 10, 20, or 30. After 20 and 30
days in storage, FFA absorbance levels were significantly less in gene-edited lines compared to
WT controls (Figure 3B).
Conjugated diene formation was not reduced by gene-editing of L2 or LOX3 and L2
together (Figure 4). There was a marginally significant (P = 0.04) average increase in CD during
storage (0.62 µg/100 g brown rice per day), but no effect of genotype. Ma et al. (2015)
previously found that LOX3 editing by TALENs did not reduce lipid peroxidation, so the failure
of CRISPR-mediated editing of LOX3 to reduce CD was not unanticipated. It was initially
hypothesized, however, that CD could be reduced by eliminating substrate for LOX by editing
L2 and reducing FFA. Though FFA was decreased in gene-edited lines as reported above, this
reduction did not correspond to a decrease in CD during storage. Multiplexed editing of multiple
LOX genes may be required to significantly reduce lipid oxidation products. Use of RNAi to
silence LOX3 is reported to decrease lipid peroxidation, but likely through multiple LOX genes
being downregulated (Bai et al., 2015; Gayen et al., 2014; RoyChowdhury et al., 2016). GC-MS
quantification of final stale odor molecules may provide a better indicator of practically
significant lipid oxidation activity.
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Enzymatic activity
There was no significant difference in lipase activity as measured by a fluorescent assay
among genotypes (Figure 5). A high level of variation among replicates suggests a higherpowered experimental design (i.e. more samples) may be required to determine lipase activity
differences among genotypes. The evidence of FFA reduction in LOX3L2_4 and L2_8 suggests
lipase is less active overall in the gene-edited lines. These FFA reductions relative to the WT
lines were only evident by days 20 and 30 of the study, however, indicating the reduced lipase
activity may be more pronounced after prolonged storage periods. Lipoxygenase activity, as
measured by a KI-I2 starch staining assay confirmed reduced lipoxygenase activity in LOX3L2_4
but not in L2_8 (Figure 6). This qualitative assay was not repeated at each time point.
Seed longevity
Germination rate decreased significantly over the 30-day storage duration as expected,
and was significantly reduced in rough rice of the L2_8 line relative to LOX3L2_4, WT, and
WT_TC after only one day in storage (Figure 7, Figure 8). Seed from line LOX3L2_4 maintained
a germination rate during storage statistically equivalent to the WT and WT_TC controls, until
after 30 days of storage when WT germination rates fell. Knockout of LOX3 therefore improves
germination rate in storage as previously established by Xu et al. (2015) and others, and
furthermore this knockout mitigated the effects of the L2 mutation on germination rate. Sinha et
al. (2020) identified L2 (referred to as OsLip1) as a highly-expressed gene during seed
germination. They concluded that L2, LOX3, and the other highly-expressed lipase and
lipoxygenase genes identified could be molecular targets for improving rice bran shelf-stability.
However, the results reported here indicate that editing L2 alone compromises seed quality.
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These results re-enforce the need to be aware of the trade-offs between agronomic and food
qualities.
E. Conclusions
CRISPR/Cas9 is an adaptable, efficient, and inexpensive method for inducing mutations
at precisely targeted locations in the genome. CRISPR can be used directly in rice breeding to
introduce novel gene variants into established commercial lines, as well as in non-commercial
rice cultivars to determine how individual genes impact given traits. In this research, however,
transformation and subsequent regeneration of gene-edited plants were unsuccessful in
Arkansas-bred cultivars. Editing in Nipponbare nevertheless provided a streamlined approach to
determining the effects of knocking out LOX3 and L2 on brown rice shelf life. Such trials may
contribute to conventional breeding efforts in the short term while the ability to edit within
commercial lines is established, and regulatory and marketing barriers to gene-edited rice are
addressed. This research’s focus on a key food quality trait may contribute to the latter effort by
highlighting consumer-friendly potential for this technology. Even if low acceptance of gene
editing and other modification techniques prevent gene-edited cultivars from being marketed and
released in Arkansas, the use of CRISPR in rice research is an extremely valuable tool.
Though unexplored in this study, another potential target of gene editing for brown rice
shelf life is hydroperoxide lyases (HPL), which produce the long-chain aldehydes associated
with stale odor from hydroperoxides (Chehab et al., 2007, 2006; Lyons et al., 2013). Reducing
activities of lipase, LOX, and HPL in tandem may re-direct the lipid oxidation precursors
towards an alternate biochemical pathway and more effectively reduce the undesirable volatiles
produced. However, editing of HPL could reduce a plant’s defense response, as the aldehydes
associated with stale odors are also important signal molecules for defense against pathogens and
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insects (Chehab et al., 2006; Lyons et al., 2013). These considerations highlight the need to
utilize multiple strategies in order to produce a desired phenotype without undermining plant
health. Tissue-specific gene editing is an emerging refinement of this technology that could
reduce unintended effects of modifying a gene with various functions in different parts of the
plant (Ali et al., 2020; Feder et al., 2020).
The results of this research overall illustrate the potential for multiplexing gene edits for
improved storage life of brown rice. Because the traits of interest in this research fundamentally
concern human sensory perception, future research ought to quantify brown rice rancidity in
combination with sensory testing. The quantity of grain produced for this study was inadequate
for such experiments. For sensory testing, natural aging to approximate grocery store shelf or
pantry storage conditions would be preferred over simulated aging. The true value of this editing
will be revealed by consumers’ acceptance, purchase, and enjoyment of a commercial, longlasting gene-edited brown rice.
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G. Tables and Figures
Table 1. Target sequences and primers used for Golden Gate assembly of polycistronic tRNAgRNA (PTG) in CRISPR/Cas9 vector pRGE32. The protospacer-adjacent motif (PAM) is in
bold. The 4-nucleotide sequence in red indicates where the primers overlap for Golden Gate
assembly.
PTG

gRNA
(Target)

Protospacer (5’→3’)

gRNA1
(LOX3)

GGATCATCGACACCA
TCACGGGG (+)

gRNA2
(LOX3)

GGATGCGTACCGGTG
GTGGTGGG (-)

gRNA3
(L2)

GTTGGGAAAGGCGA
GAGGGAGGG (+)

gRNA4
(L2)

CTCAGGATGAAGCAT
TCTGATGG (+)

Primer
Name
gR1-F
gR1-R

1
gR2-F
gR2-R
gR3-F
gR3-R

2
gR4-F
gR4-R

105

Sequence (5’→3’)
taGGTCTCCGACACCATCACGgttt
tagagctagaa
atGGTCTCATGTCGATGATCCtgca
ccagccgggaa
taGGTCTCCACCGGTGGTGGTgttt
tagagctagaa
atGGTCTCACGGTACGCATCCtgc
accagccgggaa
taGGTCTCCGAAAGGCGAGAGG
GAgttttagagctagaa
ATGGTCTCATTTCCCAACtgcacca
gccgggaa
TAGGTCTCCGATGAAGCATTCT
GAgttttagagctagaa
ATGGTCTCACATCCTGAGtgcacca
gccgggaa

Table 2. Sequences of mutations generated at target sites of LOX3 and L2, targeted simultaneously in transformation experiments by
biolistic bombardment with CRISPR/Cas9 vector pRGE32 carrying gRNAs 1-4. Protospacer sequences are shown in green in the
wild-type reference lines. Protospacer-adjacent motif sequences are shown in red in each sequence. Mutations are underlined and in
bold. All T1 plants listed were verified as Cas9-free. Sequences for heterozygous lines are split across two rows for each allele. The T2
progeny of the plants highlighted in yellow were used for grain quality analysis and designated LOX3L2_4 in phenotyping data. *The
full sequence of 41-bp deletion in LOX3L2 4 T0-1 and T0-3 at the gRNA3 target site is
AGGCGAGAGGGAGGGAGATGCTGCGAGAGAGGTCGTCGCGG.
Event
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LOX3L2
4

Plant
WT

LOX3_gRNA1 target sequence
GAGGGATCATCGACACCATCACGGGGTCGTCGA

Mutation
WT

LOX3_gRNA2 target sequence
CCCACC ACCACCGGTACGCATCCCCCAACCAAAA

Mutation
WT

T0-1,
T0-3

GAGGGATCATCGACACCATCACGGGGTCGTCGA

None

CCCACCaACCACCGGTACGCATCCCCCAACCAAAA

+1 bp

GAGGGATCATCGACACCATCACGGGGTCGTCGA

None

CCCACCtACCACCGGTACGCATCCCCCAACCAAAA

+1 bp

T1-1_47,
T1-3_21,
T1-3_29

GAGGGATCATCGACACCATCACGGGGTCGTCGA

None

CCCACCaACCACCGGTACGCATCCCCCAACCAAAA

+1 bp

T1-1_34,
T1-3_24

GAGGGATCATCGACACCATCACGGGGTCGTCGA

None

CCCACCtACCACCGGTACGCATCCCCCAACCAAAA

+1 bp

Plant
WT
T0-1,
T0-3

L2_gRNA3 target sequence
GTGCGAGTTGGGAAAGGCGAGAGGGAGGGAGAT

Mutation
WT

L2_gRNA4 target sequence
AGAACTCAGGATGAAGCATTCTGATGGTGGCTATT

Mutation
WT

GTGCGAGTTGGGAA------------------*

-41 bp

AGAACTCAGGATGAAGCATT--GATGGTGGCTATT

-2 bp

Table 2 (Cont.)
Event

Plant
WT

LOX3_gRNA1 target sequence
GAGGGATCATCGACACCATCACGGGGTCGTCGA

Mutation
WT

T0-1,
T0-2

GAGGGATCATCGACACCATCACGGGGTCGTCGA

None

GAGGGATCATCAA-------------------GAGGGATCATCGACACCATCACGGGGTCGTCGA

-20 bp

T1-1_1
T1-1_13
LOX3L2
37

Plant
WT

GAGGGATCATCAA--------------------

LOX3_gRNA2 target sequence
CCCACCACCACCGGTACGCATCCCCCAACCAAAA

Mutation
WT

CCCAC----ACCGGTACGCATCCCCCAACCAAAA

-4 bp

None

CCCAC----ACCGGTACGCATCCCCCAACCAAAA

-4 bp

-20 bp

CCCAC----ACCGGTACGCATCCCCCAACCAAAA

-4 bp

T0-1,
T0-2

L2_gRNA3 target sequence
GTGCGAGTTGGGAAAGGCGAGAG GGAGGGAGAT
GTGCGAGTTGGGAAAGGCGAGAGtGGAGGGAGAT
GTGC------------------- -----GAGAT

Mutation
WT
+1 bp
-24 bp

L2_gRNA4 target sequence
AGAACTCAGGATGAAGCATTCTGATGGTGGCTATT
AGAACTCAGGATGAA---------TGGTGGCTATT
AGAACTCAGGATGAAGCAT---GATGGTGGCTATT

Mutation
WT
-9 bp
-3 bp

T1-1_1

GTGCGAGTTGGGAAAGGCGAGAGtGGAGGGAGAT

+1 bp

AGAACTCAGGATGAA---------TGGTGGCTATT

-9 bp

T1-1_13

GTGC------------------- -----GAGAT

-24 bp

AGAACTCAGGATGAAGCAT---GATGGTGGCTATT

-3 bp
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Table 3. Sequences of mutations generated at target sites of LOX3 and L2, targeted independently in transformation experiments by
biolistic bombardment with CRISPR/Cas9 vector pRGE32 carrying PTG 1 (gRNAs 1 and 2, targeting LOX3) or 2 (gRNAs 3 and 4,
targeting L2). Protospacer sequences are shown in green in the wild-type reference lines. Protospacer-adjacent motif sequences are
shown in red in each sequence. Mutations are underlined. All T1 plants listed were verified as Cas9-free. Sequences for heterozygous
lines are split across two rows for each allele. The T3 progeny of the plant highlighted in yellow was used for grain quality analysis
and designated L2_8 in phenotyping data. All LOX3 T0 plants were sterile. ‡The full sequence of the 136-bp insertion in L2_4-1 at the
gRNA3 target site is
TTAATTGTCAATGGTAAATAGGAAGTCTTGTCGCTATATCTGTCATAATGATCTCATGTTACTATCTGCCAGTAATTTAT
GCTAAGAACTATATTAGAATATCATGTTACAATTGGTATGGCTTCATTCAGCTCCG. This sequence is homologous to a
portion of ubiquitin promoter in the pRGE32 vector.
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Event

Plant
WT

LOX3_gRNA1 target sequence
GAGGGATCATCGACACCAT CACGGGGTCGTCGA

Mutation
WT

LOX3_gRNA2 target sequence
CCCACCACCACCGGTACGCATCCCCCAACCAAAA

Mutation
WT

LOX3 15

T0-1

GAGGGATCATCGACACC-- -ACGGGGTCGTCGA

-3 bp

GAGGGAGCATCGACAC--- -ACGGGGTCGTCGA

-4 bp

CCCACCACCACCGGTACGCATCCCCCAACCAAAA

None

LOX3 21

T0-1

GAGGGATCATCGACACCATcCACGGGGTCGTCGA

+1 bp

CCCACCACCACCGGTACGCATCCCCCAACCAAAA

None

LOX3 24

T0-1

GAGGGATCATCGACACCA- --CGGGGTCGTCGA
GAGGGATCATCGACACCATCAaCGGGGTCATCCA

-3 bp
+1 bp

CCCACCACCACCGGTACGCATCCCCCAACCAAAA

None

Event

Plant
WT

L2_gRNA3 target sequence
GTGCGAGTTGGGAAAGGCGA GAGGGAGGGAGAT

Mutation
WT

L2_gRNA4 target sequence
AGAACTCAGGATGAAGCATTCTGATGGTGGCTATT

Mutation
WT

L2 1

T0-1

GTGCGAGTTGGGAAAGGCGA GAGGGAGGGAGAT

None

AGAACTCAGGATGAAGCATTCTGATGGTGGCTATT

None

L2 4

T0-1

GTGCGAGTTGGGAAAGGCGA‡GtaGGAGGGAGAT

+136 bp‡,
AG→TA

AGAACTCAG-------------GATGGTGGCTATT

-13 bp

T0-1

GTGCGAGTTGGGAAAGGCG- --TGGAGGGAGAT

-3 bp,
G→T

AGAACTCAGG-----------------TGGCTATT

-17 bp

AGAACTCAGGATGAAACATT-TGATGGTGGCTATT

-1 bp

T1-1_16

GTGCGAGTTGGGAAAGGCG- --TGGAGGGAGAT

AGAACTCAGG-----------------TGGCTATT

-17 bp

T1-1_29

GTGCGAGTTGGGAAAGGCG- --TGGAGGGAGAT

-3 bp,
G→T
-3 bp,
G→T

AGAACTCAGGATGAAACATT-TGATGGTGGCTATT

-1 bp

L2 8

Figure 1. Sequence and approximate locations of protospacers selected for targeting LOX3 and
L2 for CRISPR gene editing in rice. Two gRNAs per gene were chosen with CRISPR-PLANT.
With the exception of gRNA2 all protospacers were localized on the coding (+) strand of the
genome. Protospacer-adjacent motifs (PAMs) are in red. Numbered boxes indicate exons.

Figure 2. Total lipid in mg/g brown rice flour averaged across 30-day storage period. N = 24
brown rice flour samples per genotype. Bars indicate standard deviation. Asterisks indicate
significant differences among mean total lipid contents of genotypes (Student's t-test, α=0.05; P
≤ 0.0001 = ****). Total lipid content was significantly less in grain of L2_8 line compared to
WT and LOX3L2_4 lines.
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Figure 3. Free fatty acid content, estimated by absorbance units at 430 nm and adjusted for lipid
content, over 30-day storage period. (A) Markers indicate mean of 3 replicates with errors bars
denoting standard deviation. (B) Asterisks indicate significant differences in mean absorbance
values among genotype × storage duration combinations (Student's t-test, α =0.05; P > 0.05 = ns;
P ≤ 0.05 = *; P ≤ 0.01 = **; P ≤ 0.001 = ***; P ≤ 0.0001 = ****) Duplicate reads were averaged
for each replicate.
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Figure 4. Conjugated diene (CD) content over 30-day storage period. Absorbance of a 10%
dilution of brown rice lipid extract was measured at 232 nm, converted to molar concentration
with a molar extinction coefficient of 2.32 × 104, and then estimated in units of µg/100 g brown
rice flour by converting molar concentration to 9-HpODE/13-HpODE equivalents using the
molar mass of 312.4 g/mol. Markers indicate mean of 3 replicates with error bars denoting
standard deviation. Duplicate reads were averaged for each replicate.

Figure 5. Lipase activity of brown rice flour over 30-day storage period, measured in fluorescent
units/minute produced by hydrolysis of fluorescin dibutyrate by a solution of flour vortexed with
Tris-HCl. Fluorescence values for emission at 520 nm resulting from excitation at 490 nm were
recorded at 10-second intervals for 5 minutes. Markers indicate mean of 3 replicates with error
bars denoting standard deviation. Duplicate reads were averaged for each replicate.
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Figure 6. KI-I2 starch staining assay of wild-type and gene-edited brown rice prior to storage to
verify LOX3 activity. Left: crushed brown rice kernels in tubes with KI solution and linoleic acid
(LA) substrate prior to overnight incubation. Right: clear and light-purple color in tubes after
overnight incubation indicates reduced or absent lipoxygenase activity. Hydrolysis of linoleic
acid substrate by lipoxygenase produces acidic compound (9-HpODE) promoting iodine-starch
complex with persistent purple color.

Figure 7. Germination rate of rough rice over 30-day storage period at 37°C, 70% relative
humidity followed by 1-week germination period at 37°C for 2 days then 30°C for 5 days.
Markers indicate mean of 3 replicates of approximately 100 seeds each, with error bars denoting
standard deviation. (Student's t-test, α =0.05; P > 0.05 = ns; P ≤ 0.05 = *; P ≤ 0.01 = **; P ≤
0.001 = ***; P ≤ 0.0001 = ****) Overall linear model fit: R2 = 0.84; P < 0.0001.
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Figure 8. Germination rate of wild-type and gene-edited rough rice after 0, 10, 20, and 30 days in
storage at 37°C, 70% relative humidity followed by 1-week germination period at 37°C for 2
days, then 30°C for 5 days. The individual germination rates of the selected plates shown most
closely represent the average germination rate of three replicates.
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Supplemental Table 1. CRISPR-PLANT (https://www.genome.arizona.edu/crispr/index.html) output for gRNAs selected for targeting
LOX3 and L2. SeqID indicates chromosome number and location, minMM_GG and minMM_AG indicate minimal mismatch number
value for all alignments against NGG and NAG protospacer adjacent motif (PAM) spacer sequences, respectively. The PAM sequence
shown includes the 3-bp sequence in red followed by 7 additional bp. Strand indicates chromosome strand of the PAM, and location
indicates whether target site occurs in intron, exon, or intergenic (igr) region. Note: gRNA1 is located in exon 1 of LOX2, but the
following output from CRISPR-PLANT locates it in the intergenic region.
Gene

gRNA

1

114
LOX3

2

SeqID
minMM_GG minMM_AG
Spacer seq (5'->3')
PAM (5'->3')
strand
Chr3:280900754
3
GGATCATCGACACCATCACG
GGGTCGTCGA
+
28090095
gRNA (Spacer was shown in upper-case):
5'-GGATCATCGACACCATCACGgttttagagctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttt-3'

location
igr

Paired DNA oligos (without cloning adaptor) to construct gRNA :
5'-GGATCATCGACACCATCACG-3'
5'-CGTGATGGTGTCGATGATCC-3'
GC content of Spacer sequence: 0.55
Potential Pol III terminator (TTTTT): null
2 from 149 REs recoginze Cas9 cut region (+7 to -13bp):
BccI cut CCATC
TaqÎ±I cut TCGA
SeqID
minMM_GG minMM_AG
Spacer seq (5'->3')
PAM (5'->3')
strand
Chr3:280918663
4
GGATGCGTACCGGTGGTGGT
GGGTTTGCGG
28091886:c
gRNA (Spacer was shown in upper-case):
5'-GGATGCGTACCGGTGGTGGTgttttagagctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttt-3'
Paired DNA oligos (without cloning adaptor) to construct gRNA :
5'-GGATGCGTACCGGTGGTGGT-3'
5'-ACCACCACCGGTACGCATCC-3'
GC content of Spacer sequence: 0.65
Potential Pol III terminator (TTTTT): null
0 from 149 REs recoginze Cas9 cut region (+7 to -13bp):

location
exon

Supplemental Table 1 (Cont.)
Gene

gRNA

115
4

SeqID
minMM_GG minMM_AG
Spacer seq (5'->3')
PAM (5'->3')
strand
Chr11:262637693
3
GTTGGGAAAGGCGAGAGGGA
GGGAGATGCT
+
26263789
gRNA (Spacer was shown in upper-case):
5'-GTTGGGAAAGGCGAGAGGGAgttttagagctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttt-3'
Paired DNA oligos (without cloning adaptor) to construct gRNA :
5'-GTTGGGAAAGGCGAGAGGGA-3'
5'-TCCCTCTCGCCTTTCCCAAC-3'
GC content of Spacer sequence: 0.6
Potential Pol III terminator (TTTTT): null
0 from 149 REs recoginze Cas9 cut region (+7 to -13bp):
SeqID
minMM_GG minMM_AG
Spacer seq (5'->3')
PAM (5'->3')
strand
Chr11:262646854
4
CTCAGGATGAAGCATTCTGA
TGGTGGCTAT
+
26264705
gRNA (Spacer was shown in upper-case):
5'-CTCAGGATGAAGCATTCTGAgttttagagctagaaatagcaagttaaaataaggctagtccgttatcaacttgaaaaagtggcaccgagtcggtgctttttt-3'
Paired DNA oligos (without cloning adaptor) to construct gRNA :
5'-CTCAGGATGAAGCATTCTGA-3'
5'-TCAGAATGCTTCATCCTGAG-3'
GC content of Spacer sequence: 0.45
Potential Pol III terminator (TTTTT): null
0 from 149 REs recoginze Cas9 cut region (+7 to -13bp):

location
exon

location
exon

Supplemental Table 2. Potential off-target sites of LOX3 gRNAs 1 and 2, and L2 gRNAs 3 and 4,
identified with GGGenome. Includes mismatches with NAG protospacer-adjacent motif (PAM)
sites. Mismatches are in red, “N” column indicates number of mismatches. Consistent with
CRISPR-PLANT results in Supplemental Table 1, the minimal number of mismatches for each
protospacer sequence was 3 or 4 bp.
Offtarget
site
1
2
3
4
5
6
7
8
9
10
11
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Match
to
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA1
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2
gRNA2

Strand Chromosome:Location
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

4:2126415-2126437
4:5485625-5485647
4:28495303-28495325
7:9534709-9534731
4:5333702-5333724
4:30051761-30051783
5:14921821-14921843
5:19998222-19998244
10:16760044-16760066
11:2144338-2144360
11:22302887-22302909
01:23489731-23489753
02:10689641-10689663
02:13472421-13472443
02:19393474-19393496
02:21399480-21399502
02:32157185-32157207
04:15908287-15908309
04:26460792-26460814
05:10275321-10275343
06:27862416-27862438
06:29342504-29342526
09:4270298-4270320
09:16902122-16902144
09:22632808-22632830
11:23288956-23288978
02:28827867-28827889
03:22151095-22151117
04:10476895-10476917
05:9539251-9539273
07:16236396-16236418
08:21156262-21156284
116

Sequence

N

CGATCGTCAACACCATCACAGGG
GGTTCATCGACGCCATGACCGGG
GGCTCATCGACGCCATCATGGGG
GGATACTCAACACCATCACGAGG
CCCGGTCATGGCGTCGATGAACC
CCCCATGATGGCGTCGATGAGCC
CCCCATGATGGCGTCGATGAGCC
CCCCATGATGGCGACGATGATCA
CCCCATGATGGCGTCGATGAGGC
CCCCATGATGGCGTCGATGAGCC
CCCCGTGGTGGTGTCCATGTTCA
TGATGCGTACCGGTGGAGGAGGG
GGATGGCTTGCGGTGGTGGTGGG
GGATGCGGACGGGTGGTTGCGGG
GGAGGCGTAGCGGCGGTGGTGGG
CGATCCGTGCCGGTGGGGGTGGG
GCTTGAGTGCCGGTGGTGGTGGG
GGATGTGGAGCGGTGATGGTGGG
GGATGGGTACCTATGGTGGTGGG
TGATACGTACCGGTGGAGGAGGG
GGGTGCGTGCCGGTGATGGTGGG
GGATGTGCGGCGGTGGTGGTGGG
TGATACGTACCGGTGGAGGAGGG
GAATGCGTACCGGTGGAGGGGGG
GAGGGCGTACGGGTGGTGGTGGG
GGTCGCGCACAGGTGGTGGTGGG
CCCCCCACCACCGCTGCGCCTCC
CCCATCTCCACCTGTACGCATCA
CTCACCACCACCGATATGCATCA
CCCACCGCCGCCGCTACGCTTCC
CCCTCCTCCACCGGTATGCATTC
CCCACCACCACCCCTACGCCGCC

4
4
3
4
4
3
3
4
4
3
4
3
4
4
3
4
4
4
3
4
3
4
4
3
4
4
4
4
4
4
4
4
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Offtarget
site
22
23
24
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Match
to
gRNA2
gRNA2
gRNA2
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3

Strand Chromosome:Location
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

09:12739116-12739138
10:4966839-4966861
10:14876345-14876367
02:3599080-3599102
02:9281335-9281357
03:8719670-8719692
03:18337685-18337707
04:12358888-12358910
04:23224594-23224616
04:25854353-25854375
04:31836435-31836457
05:7591273-7591295
06:5261300-5261322
06:27082670-27082692
07:8325003-8325025
07:16486209-16486231
07:17165394-17165416
07:18422105-18422127
08:1081922-1081944
09:13870824-13870846
10:1437584-1437606
10:12419466-12419488
10:16708468-16708490
11:1655617-1655639
11:1805300-1805322
11:7348509-7348531
11:9639256-9639278
11:12345234-12345256
11:20433506-20433528
12:1391207-1391229
12:4967077-4967099
12:15704132-15704154
12:18515869-18515891
12:18516277-18516299
01:4656380-4656402
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Sequence

N

CCCCCCACCACCGGAACGCACCA
CCCACCACCACCAGCACGCAGCA
CCCACCAGCACCGGCAAGCATCA
GGTTGGAAATGCGAGATGGAGGG
GATGGGAAGGGAGAGAGAGAGGG
TTTGGGGAAGGCGAGAGAGAGAG
GGAGGGAAAGGAGAGAAGGAGGG
GTGGGGAAGGGAAAGAGGGAGGG
GTTGGGAAGGGGGAGGGGGTGGG
GCTGTGAAAGGCGAGAGCGAGAG
GGAGGAAAACGCGAGAGGGAGGG
GTTGGGAAGGGCGAAAGGGCGAG
GTTGGGAGAGGGGAGAAAGAGGG
GGGGGGAAAGGAGAGGGGGAGGG
GAGGGGGAGGGCGAGAGGGAGGG
GTGGGAAAAGGGGAGGGGGAGGG
GGTGGGAGAGGGGAGAGCGAGGG
GAGGGGAAAGGGGAGAGGAAGGG
GGGGGGAAAGGAGAGGGGGAGGG
GAGGGGAAAGGGGAGAGGAAGGG
GGTGGGACCGGCGAGAGGGAGAG
GTGGGGAGAGGAGAGAGAGAGGG
GTTGGCAACGGCGGGAGGGAAGG
GGGGGGAAAGGAGAGGGGGAGGG
GCGGGAGAAGGCGAGAGGGAGGG
TTTGGGAAAGCGGAGAGTGAGGG
GCTGGGAGAGAGGAGAGGGAGGG
GGAGGGAAAGGAGAGAAGGAGGG
GGTGGGGAAGGGGAGGGGGAGGG
GTGGGGAAACGCGATAGGCAGGG
GAGGGGAAAGGGGAGAGGAAGGG
GTGGGAAAAGGGGAGGGGGAGGG
ATTGGGAAAGGGGGGAGGGGGGG
ATTGGGAAAGGGGGGAGGGGGGG
CCCTCTCTCTCTCATTTCCCACC

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
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Offtarget
site
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
1
2
3

Match
to
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA3
gRNA4
gRNA4
gRNA4

Strand Chromosome:Location
+
-

01:5619820-5619842
01:10591925-10591947
02:5293151-5293173
02:28885018-28885040
02:28995697-28995719
03:9052358-9052380
03:23155767-23155789
04:6833362-6833384
04:12640963-12640985
04:22182324-22182346
04:32826293-32826315
05:8121401-8121423
05:18417441-18417463
06:25542323-25542345
07:27645847-27645869
08:8934944-8934966
08:10465878-10465900
08:13869341-13869363
08:13878772-13878794
08:17870462-17870484
09:7995498-7995520
10:14749798-14749820
11:27287218-27287240
12:6190088-6190110
12:20035149-20035171
01:24609-24631
05:2931032-2931054
12:3606137-3606159
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Sequence

N

CCCTTCCTCTCCCCTTTCCCCTC
CCCCCCCCCACACCTTTCCCAAC
CCCTCCCTCTAGCCACCCCCAAC
CCCTTCCTCTCCCCTTTCCCCTC
CCACCCCTCTCGCCTTTCCCTCC
CCCTCCCTCTCTCTCCTCCCAAC
CCCTCCCTCTCGTTTTTGCCATC
CCCTTCCTCTCCCCTTTCCCCTC
CCCTCCCTCTCCCATTTCCCCTC
CCCTCCCCCTCCCGTTCCCCAAC
CCATCCCCCTCCCGTTTCCCAAC
CCCTTCCTCTCCCCTTTCCCCTC
CCCACTGTCTCCCCTTTCCCAAC
CCCTTCCCCCCGCCTTTCCCGAC
CCGTCCATCTCGCCTCTCCCATC
CCCGCCCTGTCGCCGTTGCCAAC
CCCTTCCTCTCCCCTTTCCCCTC
CCCTCCCTCTCCCCTTGCACCAC
CCCTCCCTCTCCCCTTGCGCAAC
CCCTCCCTCCCCCCCTTCCGAAC
CCCTCCATCTCCCCTCTTCCAAC
CCCCCCCTCCCGCCTTTCACAAC
CTCTCCCTCTCCCCCTTCCCCAC
CCCTCCCTCCCACCTTTGCCAGC
CCCTTCCTCTCCCCTTTCCCCTC
TTCATGATGAAGCATTTTGATGG
CCATCAGTAAGCTTCTTCCGGAG
CCAGCAGTATGCTTCATCCCTAG

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
3
4
4
4
3
4
4

Supplemental Table 3. Primers used for amplifying target regions for sequencing. OUT primers
amplify a 1000-bp fragment surrounding gRNA target site. Resulting product was used as
template for PCR reaction with IN primers to amplify a ~400-bp fragment for sequencing with
primers in Supplemental Table 4.
Target

gRNA

1
LOX3
2

Primer Name
gR1-OUT - F
gR1-OUT - R
gR1-IN - F
gR1-IN - R
gR2-OUT - F
gR2-OUT - R
gR2-IN - F
gR2-IN - R
gR3-OUT - F
gR3-OUT - R

3
gR3-IN - F
gR3-IN - R

L2

gR4-OUT - F
gR4-OUT - R
4
gR4-IN - F
gR4-IN - R

Sequence
ACACACAAACTTTTAACTTTTTCGTCACATGGTT
TCAATTTCAACC
ATCATGCCCAATCCGTTCCCGTTAATTAGTCC
CCCCACTAGCACTCACCAGTCAATCTTCAG
TGTGCTCACTTGGGTCGACGGC
GCCACAGTTCACAGTTCACACCCAT
CAGGTCGAGGATGTCCTGGAACGAG
GTACCGCGACGACGAGCTCCG
CCACACAAACCGGGCCCACC
GATTCTTCCAGAGCACTGTGTTTGAAAACCCCA
CCAGTTAAACATCGCACAGATTCAGTCAAATTA
CCAATAACCT
CTCTATCTTGTGGATTAACTTACAATATCGTAAT
AAGCTGAGGTGT
AATAAATAAACAAAAAAAGAAAAATCAAGAAC
AGGTCGGGGAAAGAAG
TGAAATGTGTTAGAATTAGTATATTGACTGCTA
TGGCTGCAAGG
AAGTGCACACCTTTGTGTCACTTTGACACC
CTGCTAGATTCTCAGCAATGAACTCTGCCAATC
TAGC
AAACAAGCACTAAAAGCAGTTCTCATCAGAAA
ACTTGT
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Supplemental Table 4. Sequencing primers. PTG-F and -R primers were used to sequence the
polycistronic tRNA-gRNA sequence assembled by Golden Gate in the pRGE32 vector; in a 2gRNA construct this product was 646 bp long. Both the forward and reverse primers were used
to ensure full coverage and accurate sequencing. The LOX3 and L2 primers were used to
sequence a 400-bp region, produced from a nested PCR (see Supplemental Table 2) surrounding
the gRNA target site.
Target
PTG
LOX3
L2

Name
PTG-F
PTG-R
gR1-SEQ-F
gR2-SEQ-F
gR3-SEQ-F
gR4-SEQ-F

Sequence
AAGCCTTTCAGGACATGTATTGCAG
GGACCTGCAGGCATGCAC
GGCTATAAATACCCAGCGAG
CGTCTACCGCTACGATGTC
CCCAGTCAGTTACGCTACCAAT
GCAATGAACTCTGCCAATCTAG
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Supplemental Figure 1. Sequencing chromatogram traces of gene-edited lines. Mutations at the
gRNA1 target site are identified in Table 2 and Table 3. Protospacer sequence is underlined in
green and PAM is boxed in red below wild-type sequence. Vertical black line indicates Cas9 cut
site.
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Supplemental Figure 2. Sequencing chromatogram traces of gene-edited lines. Mutations at the
gRNA2 target site are identified in Table 2 and Table 3. Protospacer sequence is underlined in
green and PAM is boxed in red below wild-type sequence. Vertical black line indicates Cas9 cut
site.
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Supplemental Figure 3. Sequencing chromatogram traces of gene-edited lines. Mutations at
gRNA3 target site are identified in Table 2 and Table 3. Protospacer sequence is underlined in
green and PAM is boxed in red below wild-type sequence. Vertical black line indicates Cas9 cut
site. Note: the trace for LOX3L2_4-1 is aligned with the 5’ end of the WT sequence and not with
the Cas9 cut site because the 41-bp deletion in the line encompassed the 3’ end of the selected
WT sequence area displayed here.
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Supplemental Figure 4. Sequencing chromatogram traces of gene-edited lines. Mutations at
gRNA4 target site are identified in Table 2 and Table 3. Protospacer sequence is underlined in
green and PAM is boxed in red below wild-type sequence. Vertical black line indicates Cas9 cut
site.
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Supplemental Figure 5. Screening for presence of Cas9 transgene in L2-edited line 8 T0-1 and its
T1 progeny (8 T1 1_7 through 8 T1-1_32). A 531-bp fragment of Cas9 and a 400-bp region
surrounding the gRNA3 (gR3) target site were amplified from genomic DNA extracted from
foliar tissue. Cas9-free lines are indicated with asterisks. Controls include a wild type (Cas9- and
gR3+); sample 3-6, amplified from genomic DNA known to be Cas9+ obtained from another
lab; plasmid pRGE32 (Cas9+ and gR3-), and water (Cas9- and gR3-). gRNA3 failed to amplify
in 8 T1-1_27 and 8 T1-1_32.

Supplemental Figure 6. Screening for presence of Cas9 transgene in LOX3L2-edited T1 lines of
(A) 4 T0-1 and 4 T0-3, and (B) 37 T0-1 and 37 T0-2. Cas9-free lines are indicated with asterisks.
See caption of Supplemental Figure 5 above for controls used.
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Supplemental Figure 7. Screening for presence of Cas9 transgene. No mutations at the gRNA3 or
gRNA4 target sites were detected in any T0 plants regenerated from transformation event 1
identified from callus co-bombarded with pHPT and pRGE32 containing PTG 1 for editing of
L2. Cas9-free lines 1 T0-2, 1 T0-19, and 1 T0-21 are marked with asterisks, and were propagated
and their seed pooled to be designated as WT_TC and serve as a control to the gene-edited lines
in grain quality analysis.

Supplemental Figure 8. Total lipid in mg/g brown rice flour over 30-day storage period. Markers
indicate mean of 3 replicates with error bars denoting standard deviation.
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4. Using Text Explorer in JMP Pro to qualitatively and quantitatively evaluate global rice
cuisine from crowd-sourced data on Wikipedia
Abstract
Cuisine reflects the history, diversity, and interconnectedness of countries, cultures, and
societies. Rice cuisine is a particularly powerful mirror given its immense global importance and
central role in many countries’ and cultures’ food supply and preferences. The diversity of rice
cuisine was explored using a text data mining approach with the JMP Pro Text Explorer utility
applied to the crowd-sourced table of rice dishes and list of rice puddings from Wikipedia. The
greatest number of unique rice dishes are found in Asian countries as a bloc where 90% of rice
production and consumption occurs. Regional variation within Asia is most clearly defined by
sticky rice preference. European and South American rice cuisine is primarily represented in the
data through rice puddings, which may be clustered into three distinct styles or flavor profiles.
United States rice cuisine is discussed in tandem with the underrepresentation of African
countries in the data, which also raises important considerations for text mining user-generated
data.
Introduction
Rice cultivation and global spread
Rice is the staple food for more than 50% of the world, and 90% of the world’s rice is
produced and consumed in Asia (Maclean et al., 2002; Patindol et al., 2015). Rice today is grown
on every continent except Antarctica and in over 110 countries (Aselmann and Crutzen, 1989;
Maclean et al., 2002; Patindol et al., 2015). Over thousands of years of selective breeding, rice
agriculture was adapted to many climates, spreading slowly from its center of origin in the
Yangtze river valley of China. By 2000 BCE rice was established in northern India, central and
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southern China, and most of southeast Asia, but it had not permeated the Middle East or Japan
until 300 BCE to 200 CE. Rice arrived in northern Europe by the 13th century CE, and the shores
of the American colonies in the 17th century CE (Dethloff, 1988a; Owen, 1999). The
concentration of rice in Asia and its gradual migration around the globe is reflected in production
and consumption patterns first and foremost. The diversity of rice cuisine may be considered a
proxy for the regional and global prevalence and importance of rice.
Rice cuisine
According to food writer Roger Owen, three “attitudes” towards cooking rice developed
through history depending on the role of the grain in the culture cooking it (Owen, 1999). Rice is
typically prepared as an unadorned staple, a delicacy, or a basis for complex savory dishes.
Plain-cooked rice is served as a backdrop or side dish for many if not most dishes in cultures that
have historically revered rice as divine. In countries where rice was first an expensive import if it
was available at all, it was a special-occasion food, its status as such leading to the many festive
rice puddings of Western Europe. Finally, and especially where rice is not the sole staple, it
became the underpinning grain of pilafs and many other savory preparations—not a backdrop,
but a fully-integrated ingredient.
The incredible diversity of rice cuisine is impossible to catalogue in its entirety. One of
the most comprehensive rice-exclusive cookbooks is The Rice Book by Indonesian food writer
Sri Owen, containing over 250 recipes (Owen, 1993). A search for dishes containing rice on the
websites epicurious.com9 and allrecipes.com10 yields 939 and 2,455 recipes, respectively.
Regional rice cuisine cookbooks are also abundant. Some unofficial collections of global rice

9

https://www.epicurious.com/search/rice?ingredient=rice&content=recipe accessed 22 June 2021
https://www.allrecipes.com/search/results/?IngIncl=rice&search=rice accessed 22 June 2021
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cuisine exist, including a table with over 200 rice dishes listed on Wikipedia. This table includes
the name, country or region of origin, a picture, and a description of each dish.
Text data mining
Text mining, also known as text data mining, is a method for deriving new information
from written documents by converting unstructured text into its component terms and analyzing
the frequency of those terms, their association with other terms, and various other patterns of
usage within the documents of interest (Witten, 2004). These resulting data patterns can be used
for descriptive purposes, summarizing complex qualitative data in easily-digestible clusters, as
well as for predictive purposes, wherein new documents can be classified to established clusters.
A “document” with respect to text mining is a discrete piece of textual data, such as a single
recipe in a cookbook or other database.
Jain et al. (2015) utilized an online repository of 3,330 recipes to analyze food pairing
patterns across regional cuisines of India, finding that a negative food pairing pattern (i.e. pairing
of ingredients of different flavors) is common in Indian cuisines across all regions. Zhu et al.
(2013) analyzed 8,498 recipes from a Chinese recipe website to evaluate China’s regional cuisine
and concluded ingredient usage in regional cuisines are more correlated with geographical
proximity rather than climate similarity. Rice cuisine is not mentioned in either Jain et al. (2015)
or Zhu et al. (2013) despite the centrality of rice to Indian and Chinese cuisine, however.
Text data mining tools are available in many software packages (Tao et al., 2020). JMP
Pro’s Text Explorer is a powerful yet user-friendly utility for quantitative analysis of textual
data. One example of Text Explorer is an analysis of chili recipes used to form clusters of related
chili types (Wise, 2017). A crowd-sourced document such as a list of descriptions of rice dishes
on Wikipedia is a prime example of semi-structured text. This research uses Text Explorer to
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analyze global rice cuisine from the rice dishes repository downloaded from Wikipedia. As
compared to online recipe repositories, this table contains dishes as a single category or
archetype (e.g. risotto), rather than many variations on a dish (e.g. 145 different risotto recipes on
allrecipes.com). This tabulated format is well-suited for text-based analysis of global cuisine
without extensive pre-processing.
Materials and Methods
Data input and clean-up
The dataset for text analysis was imported from the Wikipedia article for rice dishes by
pasting the article URL11 into the Internet Open → Web Page function in JMP Pro. The resulting
table contained four columns: Name, Image, Origin (country or region), and Description. The
version of the table most recently edited on 2 August 201812 was first obtained for analysis on 10
September 2018, and included 194 dishes. The dataset was updated with 54 additional dishes on
3 May 2021 from the 24 April 2021 revision13, which included 239 dishes total; no prior entries
in the dataset were edited or removed at the time of this update.
Prior to text analysis of rice dish descriptions individual dishes with several countries of
origin were split across multiple rows for geographical mapping purposes only; the description
column was left blank in duplicate rows, and these blank rows were excluded in text analysis.
Unique dishes with blank description entries were filled in with information from their specific
Wikipedia articles when available. The Recode function was utilized on the origin column three
times to create columns specifying continent, country, and region. Each country’s region was

11

https://en.wikipedia.org/wiki/List_of_rice_dishes
https://en.wikipedia.org/w/index.php?title=List_of_rice_dishes&diff=853175239&oldid=851196492
13
https://en.wikipedia.org/w/index.php?title=List_of_rice_dishes&diff=1019682285&oldid=1014639190
12
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designated according to a UN spreadsheet listing countries, areas, and geographical groupings
obtained 13 September 201814.
Rice puddings
One row of the original rice dishes table was dedicated to rice pudding, and listed as a
“Worldwide” dish, rather than being associated with a single country or region of origin. Rice
pudding is so ubiquitous that there are at least 50 different rice puddings listed in the separate
Wikipedia article on rice pudding15. This list of puddings was converted into table format and
added to the full rice dishes dataset. As in the original data set, duplicates were removed and
missing descriptions filled in from Wikipedia or other sources as needed. Description sources
were included in a Link column added to the dataset. A binary Yes/No column designating
dishes as rice puddings (Yes) or non-pudding dishes (No) was added for use in Local Data Filters
and to distinguish the original dataset from the added puddings. See Figure 1 for general flow
chart of data import and processing.
Combined and excluded terms in Text Explorer
The JMP Pro Text Explorer platform was used for all analyses. After pre-processing the
data as described above, the Description column was input as the text column for analysis in
Text Explorer. Stemming was used to combine words with similar beginnings but different
endings (e.g. “fry,” “fried,” and “frying”). A custom list of stop words was created to eliminate
many of the general cuisine-related words not associated with specifics of the dishes, such as
“cooking,” “served,” and “accompanies.” Country or region names or descriptors (e.g. “China,”

14

https://unstats.un.org/unsd/demographicsocial/products/worldswomen/annex_tables/List%20of%20countries%20-%20Table%209.xls
15
https://en.wikipedia.org/wiki/Rice_pudding
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“Indonesian”) were also designated as stop words because this information was contained in a
separate column for analysis and could contribute to artificially clustering countries’ cuisines.
Analyses used for clustering
All data processing and analyses were conducted with JMP Pro 15. Latent Class Analysis
(LCA) was used to assign dishes to clusters based on term frequency. Latent Semantic Analysis,
Single Value Decomposition (SVD) was used to cluster terms. Discriminant Analysis was
employed to determine if dishes could be accurately categorized to, for example, region or
country of origin. Bivariate and Contingency Analyses were used to evaluate representation of
countries in the rice dishes dataset relative to those countries’ overall rice consumption.
Results and Discussion
Representation of rice cuisine by region and country
The final dataset contained 357 entries, including 80 puddings and 277 non-pudding
dishes (Table 2). Because some dishes with multiple potential countries of origin were split over
multiple rows for mapping, these 357 entries only included 299 dishes with unique descriptions
(60 puddings and 239 non-puddings). Overall approximately 83 countries and/or territories were
represented in the dataset across 13 regions (Figure 2A, Table 1, Table 2). The 277 non-pudding
entries encompassed 46 countries (Figure 2B, Table 1). The 80 pudding entries included dishes
from 62 countries (Figure 2C, Table 1). Of the 83 countries represented, 57 are rice-producing
countries according to Food and Agriculture Organization (FAO) data from 2019 enumerating
rice production from 118 countries. Therefore 61 rice-producing countries do not have any
unique dishes represented in this dataset, and 26 countries without significant rice crop
production do.
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The number of rice dishes per country was added to a dataset containing production and
consumption data for the top 105 rice-consuming countries. A binary Yes/No column was also
added to designate which countries had at least 1 dish (Yes) or 0 dishes (No) in the dataset. Of
the top 105 rice-consuming countries, 46 do not have any dishes represented in the dataset; 9 of
these also have no recorded production, indicating that their consumption is exclusively from
imported grain. There were 10 countries or territories (Albania, Armenia, Iceland, Lebanon,
Macedonia, Norway, Palestine, Puerto Rico, Saint Martin, and Tunisia) in the rice dishes dataset
for which no reliable rice consumption data was found; these also had no reported production.
China, as the top total consumer and producer of rice with 156,000,000 metric tons (mt)
consumed in 2020 and 139,813,000 mt produced in 2019, has only 15 dishes represented in the
dataset. Consumption and production are, as may be expected, tightly linked (Table 3, R = 0.99,
P < 0.0001). The number of dishes in the dataset is also significantly correlated with
consumption (R = 0.65, P < 0.0001) and production (R = 0.70, P < 0.0001) (Table 3, Figure 3).
Initial text analysis and processing
JMP Pro default settings for word and phrase attributes were employed for initial analysis
of the Description column in the rice dishes dataset. Stem for Combining and Regex were used
for Stemming and Tokenizing, respectively. Within the 299 cases included for text analysis,
1,317 unique terms were identified from 7,240 total tokens. “Rice∙”, “dish∙”, and “cook∙” were
the three most used terms before the stop words list was customized to remove such generic
items. Terms were culled to 872 words. Custom stop words fell into roughly three categories:
parts of speech (“also,” “usually,” “either”), country or region modifiers (“thai”, “india∙”,
“spanish”, “hong kong”), generic food preparation verbs (“ad∙”, “cook∙”, “accompani∙”,
“ingredi∙”), names of specific dishes (“chao,” “nasi,” “pilaf,” “biryani,” “tapai”), and numerals.
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More descriptive food preparation terms were allowed, including “fri∙”, “steam∙”, “wrap∙”, and
“grill∙”. After specifying stop words the five most frequent terms were “milk,” “fri∙”, “chicken”,
“coconut∙”, and “sugar∙” (Figure 4). The four most frequent phrases were “coconut milk,”
“banana leaf,” “soy sauce,” and “spring onions.”
General descriptive patterns across all dishes in table
Pudding descriptions were typically omitted from text analysis, though the stop words
used were generated from the entire dataset. Omission of puddings reduced the number of terms
to 771 across 241 cases. SVD was used to cluster terms in all non-pudding dishes. Vectors 1 and
2 from SVD are plotted in Figure 5. Quadrants A and B (SV1 < 0) is occupied by terms
indicating sticky, sweet, and shaped foods, including bread, cakes and pancakes, rice balls, and
banana leaf-wrapped preparations. Desserts are concentrated in quadrant B (SV1 < 0; SV2 < 0).
All meat and vegetable protein terms, are found in quadrants C and D (SV1 > 0), with all meats
except beef and shrimp in quadrant D (SV2 < 0). The terms in quadrant C (SV2 > 0) are
indicative of well- spiced and seasoned vegetarian dishes.
A broad view of typical rice dish pairings is shown in Table 4 through 10 topics
generated from SVD of all non-pudding dishes. These topics explain a cumulative 35.4% of the
variation among dish descriptions. All animal protein terms are contained in Topics 1, 2, 4, 5,
and 8. Topics 7 and 9 contain terms indicative of savory, vegetarian preparations. Topics 3, 6,
and 10 contain terms evoking sticky and/or shaped rice preparations, including “ball”,
“glutinous”, “wrap”, “cake”, “steam”, and “sticky”. An SVD with only the top 30 terms was
created and the terms clustered (Figure 6), visually representing the topical trends discussed
above. Because no LCA clustering schemes produced evident separations of dishes by region,
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indicating significant overlap across cultures, regional variation was explored in subsets of the
data.
Asian rice cuisine
Ninety percent of rice is produced and consumed in Asia, and in fact only 6 Asian
countries (China, India, Indonesia, Bangladesh, Vietnam, and Japan) comprised 80% of global
rice production and consumption as of 2001 (Abdullah et al., 2006). However, Japanese rice
consumption has been declining significantly in the 21st century (Suwannaporn and Linnemann,
2008). According to 2020 data, the top 9 rice-consuming countries are all located in Asia—
China, India, Bangladesh, Indonesia, Vietnam, the Philippines, Thailand, Myanmar, and Japan—
and together account for 79% of consumption of the top 105 countries (USDA, 2021). Of the 240
unique entries in the Wikipedia data (puddings excluded), 151 (63%) originate from one of the
top 9 countries, accounting for 76% of the 199 Asian rice dishes.
The dishes from the top 9 countries (puddings included) were evaluated as a subset of the
larger dataset to represent the bulk of Asian rice cuisine. Discriminant analysis separates dishes
by country with a misclassification rate of 9.3%. Most of the misclassified dishes were
incorrectly predicted to be of Indian or Indonesian origin (Figure 8). Half of the dishes in the
data subset are from India or Indonesia. Five clusters generated by LCA (Table 5, Figure 9).
Cluster 1 contained 51% of all dishes, included all Bangladesh dishes, of which there were very
few overall, in part because with respect to origin according to the original table several overlap
with Indian dishes. This cluster is characterized by basic ingredients or terms common to many
cultures, including “white,” indicating white rice, and “glutinous,” indicating the sticky rice
preferred in most Asian countries except India. Cluster 2 contains animal protein terms: “egg”,
“meat”, “fish”, and “pork”. Cluster 3 contains the highest proportion of Indian dishes, and no
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Japanese, Thai, or Vietnamese dishes. “Curry leaves”, “onion”, “ginger”, and “spice” occupy
Cluster 3, evoking Indian rice flavors. Cluster 4 contained the highest proportion of Indonesian
dishes, many of which contain sticky rice, “coconut milk”, and/or “banana leaf” in their
preparations; Cluster 4 contains no dishes from India. Cluster 5 is characterized by flavors of
“soy sauce”, “chicken”, “garlic”, and “onion”.
Rice texture is one of the most significant markers of cultural rice preference, with sticky
or glutinous rice preferred in most Southeast Asian countries, and generally disfavored in India.
Rice stickiness is influenced by genes that govern starch synthesis—with low amylose levels
promoting soft, sticky texture—and cooking style—with steaming promoting cohesion of grains
as opposed to boiling in excess water—and therefore has been shaped by and shaped rice
preference. A recurring theme throughout analysis of rice dish descriptions is the textual and
regional clustering of sticky rice. Fuller and Castillo (Fuller and Castillo, 2016) note that with
respect to sticky rice preference, “cultural geography trumps ecology.” Sticky rice is strongly
preferred in the tropical and subtropical Southeast Asian countries as well as in southern China,
but in the most climatologically similar regions of India where sticky rice varieties could
flourish, fluffy, high-amylose rice is nevertheless preferred.
Rice cuisine outside of Asia
Western rice puddings
Inclusion of regional rice puddings broadened representation in the dataset to many
countries otherwise absent from the rice dishes table. With puddings included, “milk” was the
most common term identified in all dish descriptions (Figure 4). The combined rice dishes and
rice puddings data created an optimal opportunity for using discriminant analysis in order to
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determine if description alone could predict whether a dish was a pudding or not, with the binary
Yes/No column used as the response column.
With 100 maximum terms, minimum term frequency of 5, binary weighting, and 100
singular vectors, only 13 of the 299 cases (4.3%) were misclassified. Most (9) of the
misclassifications were puddings misclassified as non-puddings (Figure 10). The 10 terms with
the greatest means for each group (Yes or No) in Table 5 overlap twice, on “coconut∙” and
“egg∙” (Table 6). “Milk” was the strongest predictor of puddings, and 5 of the 9 misclassified
puddings contain milk in the description. “Saffron”, though more likely to be associated with
puddings (Term Mean = 0.050) than non-puddings (Term Mean = 0.017), nevertheless proved
common to two misclassified puddings and two misclassified non-pudding dishes. Three of the
four misclassified non-puddings were sweet rice dishes.
Pudding characteristics were analyzed separately from non-puddings using a Local Data
Filter and the binary Yes/No column. This subset included 217 terms across the 60 cases.
Geographically, the represented puddings are concentrated in Europe (Western and Eastern),
South and Central American countries, and India. No Eastern European countries would be
represented in this dataset if not for their rice puddings. A latent class analysis (LCA) (with 100
maximum terms, minimum term frequency of 1, i.e. all terms considered) produced three clusters
with the following characteristics: (1) flavors typical of Indian and Middle Eastern16 cooking:
cardamom, saffron, and rosewater, (2) flavors emphasizing sweetness, cinnamon, citrus, and
fruit, and (3) rich vanilla, butter, and cream, with Caribbean flavors of rum and coconut (Table
7). Cluster 1 contained 43% of all puddings from countries geographically arranged in a nearly-

The term “Middle East” is politically problematic and its use in this discussion was only due to its clarifying
effect on observed clusters (Culcasi, 2010; Riess, 1969). The Middle East traditionally includes countries from
Western Asia, Southern Asia, and Northern Africa.
16
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continuous strip stretching from Indonesia in Southeastern Asia northwest up through Eastern
Europe. Western European countries and countries in the Western hemisphere dominated cluster
2, which comprised an additional 43% of puddings. The remaining 14% of puddings grouped in
cluster 3 were primarily located in the Caribbean, Central America, and South America (Figure
11).
Underrepresentation of African rice dishes
Potential gaps in the Wikipedia rice dishes table were investigated by comparing
production and consumption data by country with their dishes’ representation (puddings
included) in the dataset. Unrepresented countries ranking in the top 105 rice-consuming
countries are primarily located in Eastern, Western, and Middle Africa (Figure 12). Thirty-three
of the 105 countries (31%) are located in Africa, but only 7 African countries—6 in the top 105,
and Tunisia, for which no consumption data was found—have dishes featured in the dataset. A
contingency analysis used to analyze whether the representation of countries in the dataset was
related to rice consumption by region found significant (P < 0.0001) under-representation of
African countries in particular (Figure 13).
Only nine African rice dishes are represented in the dataset, four from Northern Africa
(kushari, moa’amar17 [sic], muhalibiyya, and ruz bil-laban), one from Eastern Africa (carri), and
four from Western Africa (jollof rice, ofada rice, riz gras, and waakye). (Note that ofada rice is
not a dish, but is in fact a Nigerian rice variety.) These dishes originated from seven different
countries. Twenty-seven African rice countries with consumption totaling 25,402,000 metric
tons are completely unrepresented in the dataset (Table 8) The significant underrepresentation of
African rice cuisine relative to rice consumption patterns indicates a bias in who contributes to

17

More commonly spelled “Muammar” or “Meammar”
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Wikipedia articles noted by researchers in other domains (Deumert, 2014; Graham et al., 2015,
2014; Matias et al., 2020).
United States rice cuisine
Rice cookery in the United States is in many ways defined by the contributions of people
of African descent enslaved in the American colonies and United States for 300 years prior to the
Emancipation Proclamation and the Civil War (Hess, 1998; Twitty, 2017). This is evident in 9 of
the 14 (64%) U.S. rice dishes represented in the dataset: boudin, dirty rice, étouffée, gumbo,
Hoppin’ John, jambalaya, red beans and rice, rice and gravy, and shrimp creole. All of these
dishes originated in the Southern United States. Hoppin’ John originated in the Carolinas and/or
George; the remaining 8 dishes are of Louisiana Creole and/or Cajun origin. Creole and Cajun
cuisine was shaped by West African recipes, cooking styles, and ingredients—especially okra,
eggplant, field peas (also known as cowpeas), peanuts, and, of course, rice—merged with French
and Spanish influences (Davidson, 2000). Of the remaining five U.S. dishes, three are processed
food items invented in the 20th and century (Rice Krispies, Rice-A-Roni, and mochi ice cream),
one is of Hawaiian origin (loco moco), and one is Mexican or Mexican-American (chimichanga).
Conclusions
Text analysis can be used to tell the story of world cuisine in a quantitative way. A
relatively robust picture of how people consume rice can be painted even with an imperfect
dataset such as the Wikipedia table of rice dishes and article on rice puddings used in this
analysis. Regional flavor preferences and typical ingredient combinations are on full display,
whether visualized in clouds, clusters, or trees, depending on the analysis method. One obvious
insight from this data is that the number of rice dishes and the diversity of a country’s rice
cuisine corresponds with their consumption of rice overall, and that rice is less consumed and
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therefore less diverse with respect to cuisine in countries far from its center of origin in China.
Preference for sticky or fluffy rice is linked to culture and geography, and the cuisines arising
from use of either style are unique. Japanese sushi or Thai sticky rice with mango cannot be
authentically prepared with a fluffy long-grain rice such as Indian basmati, which lends itself to
the preparation of complex savory dishes like biryani and other pilafs. Where rice is less
consumed due to historical lack of access, inability to produce locally, or high import prices, it is
a special occasion food. This has resulted in rice puddings flourishing in Europe, especially
Scandinavian countries.
The patterns in underrepresentation in the generated dataset are perhaps as informative as
the content of the included rice dishes. The gaps identified reflect to some extent that fact that
this data was generated by a random collective of online contributors and therefore does not
perfectly mirror actual rice cuisine diversity. Although India and China are of comparable
populations (1.35 and 1.39 billion, respectively) and China consumes more rice per year than
India (143 vs. 103 million metric tons), only 15 Chinese rice dishes are represented in the dataset
as compared to 49 Indian rice dishes. The most common preparation of rice in China is plain
steamed rice, a backdrop to many dishes, but there is vast regional diversity in Chinese cuisine
that is likely not represented in the data. This may be partially explained by the fact that
Wikipedia has been blocked and unblocked in China numerous times, and as of 2019 all
language editions of Wikipedia are blocked, precluding contributions to this dataset from within
the country (Gandolfo, 2019; Zhang and Zhu, 2011). However, there are many millions of
Chinese citizens and people of Chinese descent living abroad who could theoretically contribute
knowledge of regional dishes.
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The likely explanations for the underrepresentation of African rice dishes are more selfevident from a historical perspective. West Africa was specifically exploited during the TransAtlantic slave trade, and rice-knowledgeable West Africans were imported specifically for labor
on rice plantations in the American colonies (Carney, 2001; Dethloff, 1988b; Littlefield, 1981;
Twitty, 2017). This history is reflected in the rice dishes data by representation of West African
rice culture in United States cuisine and relatively little representation from West African
countries. Global inequalities wrought by colonialism and exploitation of African countries and
of the Global South in general have resulted in low rates of literacy, internet penetration, and
mobile phone access across many countries in the Global South (Deumert, 2014). The number of
edits to Wikipedia from a particular country is highly correlated with broadband access (Graham
et al., 2015). Wiki Loves Africa is a project created by researchers at Cornell University for
increasing African self-representation on Wikipedia (Matias et al., 2020). Improved
representation of regional rice cuisine may not be a primary goal of increased African
participation on Wikipedia, but in this case, African underrepresentation stood out as a
significant indicator of known inequities.
Crowd-sourced, user-generated data abundant on Wikipedia present opportunities and
challenges for text data mining. The exploration of global rice cuisine documented here
represents only one of many ways to analyze this specific data. An analysis lacking historical
context may have missed the underrepresentation of specific cuisines. Therefore, text mining
through statistical platforms such as Text Explorer in JMP Pro may function best as a
complement to qualitative techniques used in historical, anthropological, sociological, and other
scientific research disciplines. The flexibility of text analysis thus presents inherent advantages
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and challenges to scientists accustomed to controlled experimental designs and producing data
for relatively straightforward analyses.
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Tables and Figures
Table 1. Countries represented in rice dishes dataset, organized by region according to United Nations designations. Bullets (•)
indicate countries with non-pudding rice dishes. Daggers (†) indicate countries with rice puddings. Double daggers (‡) indicate
countries with rice production in 2019 according to Food and Agriculture Organization data.
Southeastern
Asia
Cambodia•‡
Indonesia•†‡
Malaysia•†‡
Myanmar•‡
Philippines•†‡
Singapore•†
Thailand•†‡
Vietnam•‡

Southern
Asia
Afghanistan†‡
Bangladesh•†‡
India•†‡
Iran•†‡
Pakistan†‡
Sri Lanka•†‡

Eastern
Europe
Albania†
Bulgaria†‡
Croatia†
Greece†‡
Hungary†‡
Macedonia†
Poland†
Romania†‡
Russia†‡
Slovenia†
Ukraine†‡

Western
Europe
Denmark†
Finland†
France†‡
Germany†
Iceland†
Italy•†‡
Netherlands†
Norway†
Portugal•†‡
Spain•†‡
Sweden†
United Kingdom†

North
America
United States•‡
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Eastern
Asia
China•‡
Hong Kong•†
Japan•‡
Korea•‡
Taiwan•‡

Western
Asia
Armenia•
Azerbaijan•‡
Iraq•†‡
Israel•†
Jordan•
Lebanon•†
Palestine•
Saudi Arabia•
Syria•
Turkey•†‡
Yemen•
Caribbean
Cuba•†‡
Dominican Republic•†‡
Jamaica†‡
Puerto Rico•†‡
Saint Martin•
Trinidad and Tobago†‡

Northern
Africa
Egypt•†‡
Tunisia†

Eastern
Africa
Mauritius•‡
Réunion•

Central
America
Costa Rica†‡
El Salvador†‡
Guatemala†‡
Mexico•†‡
Nicaragua†‡
Panama†‡

South
America
Argentina†‡
Bolivia†‡
Brazil†‡
Chile†‡
Colombia•†‡
Ecuador†‡
Paraguay†‡
Peru•†‡
Uruguay†‡
Venezuela•†‡

Western
Africa
Burkina Faso•‡
Ghana•‡
Nigeria•‡

Table 2. Regions represented in dataset, with number and percent of non-pudding, pudding and
total dishes. Countries were designated by region according to a United Nations standard.
Pudding

Region
Eastern Asia
Southeastern Asia
Asia
Southern Asia
Western Asia
All
Northern Africa
Eastern Africa
Africa
Western Africa
All
Eastern Europe
Europe Western Europe
All
United States
Caribbean
Americas Central America
South America
All
All
All

N
46
100
59
25
230
2
2
4
8
0
6
6
15
9
5
4
33
277

No
% of
Total
12.9%
28.0%
16.5%
7.0%
64.4%
0.6%
0.6%
1.1%
2.2%
0.0%
1.7%
1.7%
4.2%
2.5%
1.4%
1.1%
9.2%
77.6%

N
1
8
14
7
30
2
0
0
2
13
14
27
0
5
6
10
21
80

Yes
% of
N
Total
0.3% 47
2.2% 108
3.9% 73
2.0% 32
8.4% 260
0.6%
4
0.0%
2
0.0%
4
0.6% 10
3.6% 13
3.9% 20
7.6% 33
0.0% 15
1.4% 14
1.7% 11
2.8% 14
5.9% 54
22.4% 357

All
% of
Total
13.2%
30.3%
20.4%
9.0%
72.8%
1.1%
0.6%
1.1%
2.8%
3.6%
5.6%
9.2%
4.2%
3.9%
3.1%
3.9%
15.1%
100%

Table 3. Multivariate correlations among production (in paddy, milled rice equivalents), Food
and Agriculture Organization 2019 data; domestic consumption, United State Department of
Agriculture 2021 data; and number of dishes, 2021 Wikipedia data; by country. Four asterisks
(****) indicate a P-value of less than 0.0001.
Variable

by Variable

Correlation Count

Production (1000 mt)
Number of dishes
Number of dishes

Consumption (1000 mt)
Consumption (1000 mt)
Production (1000 mt)

147

0.99****
0.65****
0.70****

104
104
114

Lower
95%
0.99
0.52
0.59

Upper
95%
0.99
0.75
0.78

Table 4. Topics from Latent Semantic Analysis, Singular Vector Decomposition (SVD) of all non-pudding rice dishes. Ingredients are
in bold text. Conditions for and output of SVD: 94 terms by 241 documents using TF IDF weighting Centered and Scaled making 73
vectors.
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Topic 1
Term
Loading
porridge
0.81
slice·
0.78
duck
0.72
varieti·
0.57
pork
0.52
chicken
0.50
ginger
0.48
pickl·
0.47
garlic
0.46
broth
0.39
shred·
0.38
plain
0.38
Topic 6
Term
Loading
banana·
0.81
leaf
0.75
wrap·
0.65
cake·
0.51
small
0.50
grill·
0.35
form·
0.35
staple
0.28
steam·
0.26

Topic 2
Term
Loading
tomato·
0.65
sauce
0.65
shrimp
0.57
onion·
0.55
fri·
0.54
soy
0.50
egg·
0.48
green
0.45
long
0.44
pepper·
0.37
garlic
0.31

Topic 3
Term
Loading
red
0.76
paste
0.71
white
0.68
ball·
0.65
mixture
0.50
tradit·
0.49
savory
0.41
stuf·
0.40
sweet
0.40
glutinous
0.33
small
0.32

Topic 4
Term
Loading
seafood
0.83
veget·
0.66
bean·
0.64
meat·
0.58
green
0.55
season·
0.51
varieti·
0.46
grain·
0.44
form·
0.42
duck
0.38

Topic 7
Term
Loading
garnish·
0.70
spring
0.69
onion·
0.60
ginger
0.58
thin
0.51
garlic
0.43
chop·
0.39
staple
0.29
pancak·
0.27

Topic 8
Term
Loading
long
0.63
basmati
0.53
curri·
0.47
spici·
0.43
stew·
0.42
butter·
0.41
lentil·
0.39
spice·
0.37
garnish·
0.35
grain·
0.34
leaves
0.34
chicken
0.29

Topic 9
Term
Loading
seeds
0.74
chili·
0.52
leaves
0.43
curri·
0.43
water
0.38
oil
0.36
roast·
0.33
peanut·
0.31
spici·
0.28
salt·
0.28
chop·
0.25
hot
0.23

Topic 5
Term
Loading
noodl·
0.67
roll·
0.66
beef
0.64
fill·
0.60
soy
0.52
snack
0.39
thin
0.39
plain
0.35
sauce
0.34
small
0.31
steam·
0.31
season·
0.30
Topic 10
Term
Loading
coconut·
0.57
milk
0.52
sweet
0.51
sugar·
0.45
sticky
0.44
dessert
0.40
jaggery
0.39
glutinous
0.36
pancak·
0.26
savory
0.24
leaf
0.22

Table 5. Top terms by cluster from Latent Class Analysis of all non-pudding rice dishes from top
9 rice-consuming countries. Ingredients are in bold text.

1
Term
glutinous
sweet
ferment·
breakfast
dri·
snack
flour
white
sugar
lentil·

2
Score
2.82
1.08
0.96
0.89
0.74
0.56
0.54
0.47
0.18
-0.02

Term
fri·
egg·
meat·
fish
top·
pork
veget·
shrimp
dri·
green

Score
10.87
8.56
5.07
4.79
3.33
3.31
2.57
2.50
1.95
1.92

Cluster
3
Term
Score
leaves
5.83
curry
5.63
oil
5.07
onion·
4.96
garnish·
4.94
salt·
4.40
ginger
3.72
spice·
3.63
boil·
3.51
fri·
3.30
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4
Term
wrap·
banana·
coconut·
leaf
milk
sticky
leaves
small
cake·
sugar

5
Score
7.58
7.50
7.07
6.04
6.03
5.81
5.66
4.02
2.63
2.37

Term
sauce
soy
chicken
season·
bean·
veget·
garlic
onion·
slice·
shrimp

Score
13.15
10.64
9.38
6.52
6.40
6.17
5.39
5.26
4.93
4.02

Table 6. Discriminant analysis of all dishes, predicting puddings. Top 10 means for pudding
dishes followed by top 10 means for –non-pudding dishes, as well as overall means and standard
deviations for terms. 100 terms overall were used. Ingredients are in bold text.
Pudding
Term
milk
sugar·
cinnamon
raisins
vanilla
coconut·
butter·
egg·
cream
fruit·
fri·
meat·
chicken
veget·
coconut·
steam·
egg·
bean·
boil·
spice·

No

Yes

0.088
0.046
0.004
0.013
0.000
0.117
0.021
0.100
0.000
0.021
0.180
0.151
0.142
0.138
0.117
0.109
0.100
0.096
0.092
0.092

0.567
0.567
0.517
0.250
0.183
0.167
0.150
0.117
0.100
0.100
0.000
0.017
0.000
0.000
0.167
0.033
0.117
0.000
0.067
0.033

Overall
Mean
0.184
0.151
0.107
0.060
0.037
0.127
0.047
0.104
0.020
0.037
0.144
0.124
0.114
0.110
0.127
0.094
0.104
0.077
0.087
0.080
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Within Standard
Deviation
0.338
0.291
0.232
0.219
0.174
0.334
0.206
0.306
0.135
0.186
0.345
0.326
0.313
0.309
0.334
0.291
0.306
0.265
0.283
0.272

Table 7. Top terms by cluster from Latent Class Analysis of pudding descriptions. Ingredients
are in bold text.

1
Term
Score
cardamom
1.80
black
1.80
saffron
1.80
slow
1.80
boiled
1.74
nuts
1.26
fruit·
1.23
basmati
1.20
rose
1.20
porridge
1.20

Cluster
2
3
Term
Score Term
Score
cinnamon
7.44 vanilla 10.83
sugar
6.81 sugar
10.68
milk
3.90 butter
9.04
brown·
2.42 soaked
9.00
lemon
2.00 coconut
8.97
sauce
1.81 raisins
8.28
christmas
1.56 milk
7.96
sweetened
1.27 cream
7.27
fruit·
1.25 rum
7.20
flour
1.25 nutmeg
5.44
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Table 8. Domestic consumption (in 1000 metric tons) of rice in the top 105 rice-consuming
countries, sorted by region and whether the country was represented in the rice dishes dataset
(puddings included).

Region
Central Asia
Eastern Asia
Southeastern Asia
Southern Asia
Western Asia
Total
Northern Africa
Eastern Africa
Middle Africa
Southern Africa
Western Africa
Total
Eastern Europe
Western Europe
Total
North America
Caribbean
Central America
South America
Total
Oceania
Total

Represented
No
Yes
617
0
0 169,570
1,911 102,540
4,700 154,010
1,585
4805
8,813 430,925
350
4,350
8,626
90
1,980
0
910
0
13,536
9,412
25,402
13,852
29
4,437
128
590
157
5,027
430
4,953
590
1,506
205
2,180
280
14,835
1,505
23,474
420
0
36,297 473,278
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Figure 1. Data processing flow chart. A semi-structured dataset for text analysis was produced from two Wikipedia sources.

Figure 2. Maps showing countries represented in the rice dishes dataset, colored by region. Map
(A) shows all countries represented by any dish in the dataset, (B) shows countries with nonpudding dishes, and (C) shows countries with puddings.
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Figure 3. Linear relationships between domestic consumption (pink) and production (blue) of the
milled rice equivalent of paddy rice by country with number of dishes represented in the dataset.
**** = P < 0.0001

155

Figure 4. Word clouds of most frequently used terms in rice descriptions for all dishes (top), nonpudding dishes (center), and puddings (bottom). Size indicates frequency of terms in all
descriptions.
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Figure 5. Single Vector Decomposition (SVD) plot for all terms in descriptions of non-pudding
dishes. Inset legend indicates color scheme used to roughly group terms into similar categories.
Conditions for and output of SVD: Principal Components of 94 terms by 241 rice dishes
descriptions using term frequency–inverse document frequency (TF IDF) weighting, Centered
and Scaled, forming 73 vectors.
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Figure 6. Top 30 terms from Latent Semantic Analysis, Singular Vector Decomposition (SVD)
of all non-pudding rice dishes, grouped into five clusters as indicated by color. Conditions for
and output of SVD: 30 terms by 241 documents using TF IDF weighting Centered and Scaled
making 30 vectors.
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Figure 7. Canonical plot from discriminant analysis of all dishes from the top nine riceconsuming countries. Correlation coefficient of each 90% bivariate normal density ellipse by
country is indicated in top left. Conditions for and output of discriminant analysis: 95 terms by
162 documents using TF IDF weighting making 95 vectors.
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Figure 8. Mosaic plot of predicted country of origin vs. actual country of origin from a
discriminant analysis of all dishes from the top 9 rice-consuming countries. Conditions for an
output of discriminant analysis: 95 terms by 162 documents using TF IDF weighting making 95
vectors; misclassification rate: 9.3%.
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Figure 9. Most likely cluster from Latent Class Analysis of non-pudding rice dish descriptions
from top 9 rice-consuming countries. Number of dishes is indicated within each box.
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Figure 10. Discriminant analysis of rice dish descriptions predicting pudding or non-pudding
status.
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Figure 11. Regions represented in 3 clusters generated by Latent Class Analysis of pudding
descriptions. Number of dishes is indicated within each box.
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Figure 12. Representation of top 105 rice-consuming countries in the rice dishes dataset, colored
by region.
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Figure 13. Mosaic plots of countries represented in data set by region, with domestic
consumption of rice (in 1000 metric tons) as the frequency variable for contingency analysis. All
regions are represented in (A) with overall Pearson Chi-square value of 282,700.2 (P < 0.0001)
and R2 (U) of 0.56. All Asian countries/regions were excluded from (B) to allow labeling of
regions too narrow to be visually identified in (A).
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5. Conclusions
The preceding chapters followed rice from paddy to pantry to plate through various
research techniques across several disciplines. The effectiveness of SREs of M. truncatula
against rice blast disease was established in planta and in vitro. These extracts were prepared
efficiently from hydroponically-grown plants using a high-saponin accession of M. truncatula.
Defatting of the roots was not shown to increase effectiveness, but saponin enrichment of the
extracts was essential, as crude extracts in some experiments failed to reduce blast disease
symptoms. SREs of M. truncatula and M. sativa were equally effective. These extracts may
reduce in planta symptoms due to direct antagonism of the blast fungus Magnaporthe oryzae, as
demonstrated by their ability to reduce fungal growth and appressorium development in vitro. No
induction of systemic defense due to foliar application of extracts was observed.
CRISPR/Cas9 gene editing was used to efficiently edit two lipid hydrolysis and oxidation
enzymes, LOX3 and L2, and produce transgene-free lines with homozygous knockout mutations.
Rough rice containing mutations in LOX3 and L2 together maintained higher germination rates
during storage under accelerated aging conditions as compared to wild-type grain. Mutations in
L2 alone in the line analyzed reduced germination rates as well as total lipid content. Though no
reduction in hydroperoxide content was observed in gene-edited lines, mutations in L2 did
produce moderate reductions in FFA content during storage.
Text analysis of the nearly 300 rice dishes and rice puddings catalogued on Wikipedia
revealed common ingredient pairings and preparations worldwide, often shared among diverse
regions. Within Asia, where 90% of rice is produced and consumed, distinct regional patterns,
often related to the type of rice consumed—e.g. sticky vs. firm/fluffy—illustrate cultural
preferences shaped by history, breeding, ecology, and cooking technology. The proliferation of
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rice puddings in European countries with low rice consumption exemplify the human ability to
make rare foods into specialties. Underrepresentation of African rice cuisine provides a window
into the unequal participation in user-generated compendia such as Wikipedia.
Food writer and Christian theologian Robert Farrar Capon penned a prayer for the
kitchen that includes a petition for “rice in a thousand variations” (Capon, 1996). This
dissertation detailed rice research in several variations, fittingly ended by an exploration of 300
variations of rice dishes generated not by the divine but by a random collective of online
contributors. It bears repeating that rice is the source of one fifth of all calories consumed by
people worldwide. We grow rice, protect it from diseases, process it with care, and study it with
the ultimate goal of consuming it, or of making its continued consumption more efficient,
affordable, and appealing.
A. References
Capon, R.F., 1996. The Supper of the Lamb. SMITHMARK Publishers, New York, NY.

167

Appendix

168

169

